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SUMMARY 


For  the  past  three  years  we  have  explored  the  basic  mechanisms  of  radiation  damage  in 
metal/oxide/silicon  (MOS)  field  effect  transistors  (MOSFETs)  with  a  combination  of 
electron  spin  resonance  (ESR)  and  electrical  measurements.  The  major  focus  of  our  work 
has  been  to  develop  a  new  and  much  more  sensitive  ESR  technique  called  spin  dependent 
recombination  (SDR)  to  study  radiation  damage  in  MOSFETs. 

We  have  designed,  constructed,  and  evah'  ted  the  performance  of  an  SDR  system  built  to 
study  radiation  damage  in  MOS  devices.  We  have  demonstrated  that  SDR  permits 
extremely  rapid,  high  signal  to  noise  ratio  ESR  measurements  of  electrically  « jtive  radiation 
damage  centers  in  (relatively)  hard  MOS  transistors  in  integrated  circuits. 

Using  our  SDR  spectrometer  we  have  observed  the  radiation  induced  buildup  of  Pb0  and  E’ 
centers  at  relatively  low  concentration  in  individual  MOSFETs  in  integrated  circuits  with 
(100)  silicon  surface  orientation.  To  the  best  of  our  knowledge,  our  measurements 
represent  the  most  sensitive  electron  spin  resonance  measurements  ever  made  on  any 
system. 

Earlier  ESR  studies  of  extremly  large  (~1  cm2)  capacitor  structures  identified  Pbo  and  E' 
centers  as  the  dominant  radiation  induced  defects  in  MOS  devices.  Our  results  extend  and 
confirm  these  earlier  studies  and  at  least  qualitatively  answer  objections  to  the  earlier  work 
related  to  the  relevance  of  large  capacitor  studies  to  transistors  in  an  integrated  circuit. 

By  varying  the  biases  applied  to  source,  drain,  gate,  and  substrate  we  can  (to  some  extent) 
directly  identify  the  electronic  role  of  the  defects  from  the  SDR  measurements.  Varying  the 
frequency  at  which  the  SDR  measurements  are  made,  we  can  obtain  electronic  relaxation 
time  behaviour. 
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Our  measurements  have  involved  a  comparison  of  relatively  hard  and  relatively  soft 
MOSFETs.  Our  results  suggest  that  E'  centers  are  closer  to  the  Si/Si02  interface  in  the  hard 
oxides.  (This  result  is  consistent  with  and  supports  earlier  work  done  at  HDL  which 
indicates  that  the  trapped  positive  charge  distribution  is  closer  to  the  Si/Si02  interface  in 
hard  oxides. 

The  SDR  technique  allows  measurements  of  devices  in  integrated  circuits  in  a  period  of 
seconds  using  a  spectrometer  which,  with  effort,  may  be  made  portable.  The  rapid  data 
acquisition  and  (marginal)  portability  open  up  many  possibilities  The  higher  data 
acquisition  rate  means  that,  with  signal  averaging,  quite  high  signal  to  noise  ratios  are  now 
possible.  The  rapid  data  acquisition  rate  coupled  with  ihe  still  somewhat  marginal 
portability  open  up  the  possibility  of  studying  the  effects  of  a  LINAC  pulse  on  the  ESR 
response  of  an  MOS  device.  Studies  of  electrical  measurements  of  devices  seconds  to 
minutes  after  a  LINAC  pulse  have  recently  provided  considerable  insight  into  the  kinetics 
of  the  radiation  damage  process.  SDR  studies  in  the  same  time  scale  may  provide  insights 
into  the  process  by  which  the  interface  states  are  formed. 

In  addition  to  our  DNA  sponsored  SDR  work,  we  have  made  substantial  progress  in  other 
areas  of  ESR  study  of  irradiated  MOS  devices.  We  have  made  progress  in  identifying  the 
fundamental  nature  of  the  deep  hole  trap  in  the  oxide,  identifying  differences  between 
radiation  damage  and  high  field  stressing  damage,  in  identifying  the  defects  involved  in 
radiation  damage  of  (100)  silicon  substrate  devices  and  in  studying  the  interactions  of 
hydrogen  with  radiation  induced  point  defects. 
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SECTION  1 


INTRODUCTION 

Exposure  to  ionizing  radiation  substantially  degrades  the  performance  of  metal  oxide  silicon 
field  effect  transistors  (MOSFET's)1-17  Studies  of  the  electronic  properties  of  irradiated 
devices  have  demonstrated  that  the  irradiation  leads  to  MOSFET  transconductance  and 
channel  conductance  losses  as  well  as  to  threshold  voltage  shifts.  The  damage  involves 
primarily  the  generation  of  interface  states  at  the  Si/Si02  boundary  and  a  buildup  of  trapped 
holes  in  the  Si02-6,8*18  Extensive  studies  at  Harry  Diamond  Laboratory  have  established 
that  the  interface  state  buildup  is  field  and  temperature  dependent.  It  has  also  been 
established  that  the  extent  to  which  radiation  damages  a  device  is  strongly  upon  device 
processing.19  21  Although  the  first  significant  work  on  radiation  damage  in  MOSFET's 
took  place  twenty-five  years  ago,1  and  although  enormous  effort  has  been  expended  in 
radiation  damage  studies,1'21  a  complete  atomic  scale  picture  c.f  the  radiation  damage 
process  has  yet  to  emerge.  Such  an  atomic  scale  understanding  would  be  extremely  useful 
to  process  engineers  involved  in  the  development  of  radiation  hard  technologies. 

The  technique  of  electron  spin  resonance  (ESR)22  is  uniquely  well  suited  to  studies  of  the 
atomic  scale  processes  involved  in  the  radiation  damage  process  in  MOSFET's.  The 
radiation  damage  process  involves  the  capture  of  holes  in  deep  trapping  centers  and  the 
creation  of  interface  state  defects  at  the  Si/Si02  boundary.  These  radiation  induced 
imperfections  are  point  defects.  Electron  spin  resonance  is  sensitive  to  point  defects  with 
unpaired  electrons.  Since  we  can  change  the  number  of  electrons  at  interface  traps  and  at 
hole  traps,  at  least  under  some  circumstances,  these  centers  should  be  amenable  to  ESR 
studies.  ESR  is  sensitive  to  relatively  small  numbers  of  point  defects;  under  ideal 
circumstances  the  technique  may  be  sensitive  to  as  few  as  -1011  defects  in  a  sample  with 
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~1023  atomic  sites.  ESR  can  provide  a  detailed  identification  of  defect  structure  and  (often) 
a  fairly  precise  determination  of  defect  concentration. 

In  fact  ESR,  in  combination  with  a  variety  of  electrical  measurements,  has  been  quite 
powerful  in  studies  of  very  large  area  ~1  cm2  irradiated  MOS  capacitors23'30  These  ESR 
studies  have  identified  both  the  dominant  radiation  induced  interface  state  detect24'29  and 
the  dominant  deep  hole  trap.25  30  Unfortunately,  the  sensitivity  of  standard  ESR  detection 
is  not  sufficiently  high  to  permit  many  very  useful  measurements. 

One  would  like  to  be  able  to  explore  a  wide  variety  of  processing  steps  with  ESR.  If 
measurements  are  restricted  to  ~1  cm2  capacitors,  many  steps  in  device  processing  are 
simply  not  amenable  to  ESR  studies.  Although  standard  ESR  is  quite  sensitive  to  defects 
in  large  area  (~1  cm2)  capacitors,  the  acquisition  of  a  single  trace-in  effect  a  single  data 
point-may  require  several  days  of  continuous  signal  averaging  if  the  defect  density 
approaches  1  xlO1  Vcm2.  Some  of  the  most  interesting  studies  of  radiation  damage  in  the 
past  few  years  have  probed  the  evolution  of  radiation  damage  process  in  a  period  of 
hundreds  of  seconds  after  exposure  to  a  burst  of  (for  example)  LINAC  electrons.  In  order 
to  study  such  a  transient  response  one  would  need  to  be  able  to  acquire  ESR  data  in  a 
period  of  seconds. 

The  major  focus  of  our  efforts  in  the  past  three  years  has  been  to  develop  a  type  of  ESR 
spectrometer  which  would  allow  extremely  rapid  acquisition  of  ESR  data  from  very  small 
MOS  structures  "on  a  chip".  We  have  utilized  the  technique  of  spin  dependent 
recombination  (SDR)  in  this  program.  We  have  designed,  constructed,  and  tested  an  SDR 
spectrometer  which  is  many  orders  of  magnitude  more  sensitive  than  (even  the  most 
expensive)  "state  of  the  art"  standard  ESR  spectrometers.  We  have  demonstrated  that  this 
system  is  extremely  sensitive  to  radiation  damage  centers  in  an  MOS  device  on  a  "chip". 
We  have  also  demonstrated  that  the  SDR  system  has  the  ability  to  acquire  MOS  spectra  in  a 
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period  of  less  than  100  seconds.  In  order  to  place  SDR's  potential  in  appropriate 
perspective,  we  briefly  review  earlier  ESR  work  which  utilized  standard  detec  ion 
techniques. 


SECTION  2 


BACKGROUND 

2. i  EARLIER  ESR  STUDIES. 

2.1 1  GENERAL  ESR  OBSERVATIONS  IN  MOS  DEVICES. 

An  extensive  ESR  study  of  radiation  effects  in  MOS  devices  was  initiated  in  1979 
by  Lenahan,  Dressendorfer,  and  coworkers24'30.  However  they  were  not  first  to  explore  an 
MOS  device  problem  with  ESR.  Y.  Nishi  and  coworkers31'33  and  laier  E.  H.  Poindexter,  P. 
Caplan  and  their  coworkers34  36  had  earlier  explored  the  effects  of  high  temperature 
processing  on  the  silicon  dioxide  interface. 

Y.  Nishi  and  co workers31  33  identified  an  MOS  point  defect,  which  they  termed  the  P^ 
center,  as  a  trivalent  silicon  defect  at  or  very  near  the  Si/Si02  interface33.  Nishi  et  al33 
were  also  able  to  estabPsh  that  the  presence  of  this  P^  center  was  strongly  correlated  with 
variations  in  interface  state  density  induced  by  a  variety  of  high  temperature  processing 
steps  and  they  also  successfully  modeled  n-channel  electron  mobility  in  terms  of  negatively 
charged  P5  centers  at  the  Si/Si02  interface. 

In  the  late  1970's,  E.  H.  Poindexter,  P.  J.  Caplan  and  several  collaborators  extended  and 
refined  the  pioneering  results  of  Nishi's  group34'36.  They  refined  the  Nishi  identification 
of  P{,  as  a  trivalent  silicon  at  or  near  the  Si/Si02  interface  by  demonstrating  that  (at  least  for 
the  (111)  silicon  case)  P^  is  a  trivalent  silicon  bonded  to  three  other  silicons  at  the  Si/SiO;, 
interface34.  They  also  somewhat  extended  and  refined  the  observations  of  Nishi's  group 
regarding  the  correlation  between  P5  and  high  temperature  processing  induced  variations  in 
interface  state  density34-35.  Poindexter  etal36  additionally  established  that  P^  spin  lattice 
relaxation  time  is  strongly  dependent  upon  bias36,  but  were  unable  to  establish  whether  or 
not  the  P5  levels  are  themselves  interface  states. 
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Lenahan.and  Dresser.doifer  provided  the  first  conclusive  evidence  that  Pb  is  indeed  a  defect 
giving  rise  to  interface  state  levels25*29  and  that  the  Pb  level  distribution  in  the  gap 
approximately  matches  the  distribution  of  interface  state  levels  throughout  the  gap25  29. 
They  measured  the  amplitude  of  (unsaturated)  Pb  absorption  spectra  as  a  function  of  the 
Si/Si02  interface  Fermi  level  using  a  TEjq4  microwave  resonant  cavity  and  a  calibrated  spin 
standard.  They  showed  that  the  distribution  of  Pb  levels  was  very  broadly  distributed 
throughout  the  bandgap25*29.  When  the  Fermi  level  is  near  the  valence  band,  most  Pb 
centers  accept  an  electron  becoming  paramagnetic  and  neutral.  As  the  Fermi  level  moves 
from  the  vicinity  of  midgap  towards  the  conduction  band  edge  most  Pb  centers  accept  a 
second  electron,  becoming  diamagnetic  and  negatively  charged. 

2.1.2  ESR  STUDIES  OF  RADIATION  EFFECTS  IN  MOS  DEVICES. 

Lenahan  and  Dressendorfer  used  large  area  (~1  cm2)  MOS  capacitors  with  (111) 
silicon  substrates  in  their  ESR  study  of  radiation  damage.  They  established  that  Pb  centers 
were  generated  by  ionizing  radiation  in  numbers  approximately  equal  to  the  number  of 
radiation  induced  interface  states25*29.  They  further  showed  that  Pb  centers  and  the 
radiation  induced  interface  states  had  the  same  annealing  behavior.  As  mentioned 
previously  they  also  showed  that  the  Pb  centers  are  amphoteric  interface  state  defects25*29. 
Their  observations  established  that  Pb  is  the  dominant  radiation  induced  interface  state  and 
strongly  suggest  that  since  Pb  is  neutral  when  the  Fermi  level  is  about  at  midgap,  one  can 
measure  space  charge  in  the  oxide  by  measuring  the  CV  ^hift  corresponding  to  the  Fermi 
level  at  midgap.  They  also  observed  a  second  center  in  irradiated  MOS  devices,  an  oxygen 
deficient  silicon  defect  in  the  oxide  termed  E'.  The  E'  center  is  one  of  many  defects  which 
have  been  studied  in  irradiated  bulk  Si()2  .  The  E'  center  is  a  silicon  bonded  to  three 
oxygens  in  the  oxide37  40.  It  is  almost  certainly  a  simple  oxygen  vacancy  in  MOS 
oxides;28*30  however,  its  structure  may  be  somewhat  different  in  bulk  glasses.  Lenahan 
and  Dressendorfer  showed  that  E'  centers  are  generated  in  numbers  about  equal  to  the 
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numbers  of  trapped  holed  in  irradiated  oxides28  29.  They  further  showed  that  these  E' 
centers  are  distributed  in  the  oxide  in  a  pattern  identical  to  that  of  the  trapped  holes  and  that 
E'  and  trapped  holes  have  identical  annealing  characteristics.  These  observations 
collectively  establish  that  two  "trivalent  silicon"  defects  are  primarily  responsible  for  the 
radiation  damage  process  in  MOS  devices:  the  center  is  primarily  responsible  for  the 
radiation  induced  interface  states  and  the  E'  centers  are  primarily  responsible  for  the  trapped 
holes. 

2.2  NEED  FOR  A  MUCH  MORE  SENSITIVE  DETECTION  SYSTEM. 

The  technique  of  electron  spin  resonance  has  been  and  will  continue  to  be  an 
extremely  powerful  tool  in  the  study  of  radiation  damage  in  MOS  devices.  However,  it 
has  serious  sensitivity  limitations.  By  stacking  several  ~lcm2  capacitors  in  the 
microwave  resonant  cavity  we  may,  with  considerable  difficulty,  observe  a  defect  density 
of  about  1  x  101  Vcm2.  This  takes  about  two  days  of  signal  averaging!  Since  signal  to 
noise  ratio  improvement  scales  with  the  square  root  of  signal  averaging  time,  an  additional 
improvement  of  a  factor  of  two  in  sensitivity  would  require  about  eight  days  of  signal 
averaging  time. 

A  variety  of  quite  useful  observations  could  be  made  if  ESR  sensitivity  could  be  increased  by 
several  orders  of  magnitude.  We  would  very  much  like  to  study  the  radiation  response  of 
quite  hard  oxides.  With  standard  ESR  sensitivity,  this  is  possible  but  the  acquisition  of  data 
proceeds  very  slowly.  We  would  like  to  explore  the  effects  of  a  number  of  device  processing 
steps  which  cannot  be  studied  with  large  area  capacitors  but  which  could  be  studied  with 
ESR  measurements  on  a  device  on  the  "chip".  With  even  a  "large"  device  on  a  chip,  standard 
ESR  sensitivity  would  be  many  orders  of  magnitude  too  low  to  allow  any  signal  to  be 
observed. 
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One  of  the  most  interesting  areas  of  possible  study  would  be  the  transient  response  of  an 
MOS  device  after  a  burst  of  L1NAC  irradiation.  After  a  short  burst  of  electron  irradiation 
from  a  LINAC  the  radiation  damage  process  proceeds  for  a  period  of  several  hundred 
seconds.  It  would  be  most  useful  if  we  could  observe  atomic  scale  processes  taking  place 
during  this  period.  In  order  to  do  this  we  would  need  to  be  able  to  acquire  ESR  spectra  in  a 
period  of  about  -10  seconds,  preferably  from  a  device  on  a  chip.  Such  a  measurement 
would  require  about  ten  thousand  times  higher  sensitivity  than  is  available  with  standard  ESR 
detection.  As  discussed  in  the  next  section,  we  have  constructed  a  system  which  can  (very 
nearly)  provide  this  sensitivity.  Furthermore,  this  system  is  (with  considerable  effort; 
portable;  it  could  be  transported  to  a  LINAC. 
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SECTION  3 


SPIN  DEPENDENT  RECOMBINATION 

3.1  BASIC  THEORY. 

Spin  Dependent  Recombination  is  an  ESR  detection  technique  in  which  the 
resonance  is  observed  by  monitoring  the  conductance  of  the  sample.  It  is  therefore  sensitive 
only  to  electrically  active  point  defects  or  to  defects  very  close  to  electrically  active  centers. 
Since  it  utilizes  sample  conductance  to  detect  resonance,  its  sensitivity  is  only  weakly  sample 
size  dependent.  It  thus  has  an  enormous  advantage  over  the  standard  ESR  techniques  utilized 
in  earlier  studies  of  radiation  in  MOS  devices. 

The  SDR  effect  is  explained4143  by  assuming  that  trapping  may  take  place  at  a  paramagnetic 
trap  site  only  when  the  spin  of  the  charge  carrier  is  antiparallel  to  that  of  the  trapping  center. 
The  application  of  a  large  magnetic  field  (H~3000G)  will  partially  polarize  the  spin  systems 
of  both  the  trap  centers  and  charge  carriers.  This  polarization  increases  the  probability  of 
parallel  charge  carrier  and  trap  center  spin;  thus  the  magnetic  field  reduces  the  capture  cross 
section  of  the  traps  centers  (Interface  state  defects). 

Consider  the  effect  of  the  simultaneous  application  of  a  large  magnetic  field  and  a  microwave 
field  of  frequency  n  satisfying  the  ESR  resonance  condition  v  =  g(igH/h  (here  g  is  the  ESR 
g  value  of  the  trap,  p.33  is  the  Bohr  magneton,  H  is  the  magnetic  field,  and  h  is  Planck's 
constant).  If  the  microwave  intensity  is  great  enough  to  "saturate"  the  ESR  resonance  (heat 
up  the  trap  spin  system)  it  will  randomize  the  trap  spin  orientations,  thereby  overcoming  the 
capture  cross  section  reduction  caused  by  the  polarization.  If  one  measures  the  conductance 
of  a  device  subjected  to  the  slowly  varying  magnetic  field  and  microwave  radiation  one  may 
observe  an  SDR  induced  change  in  sample  conductance  when  the  resonance  condition  is 
satisfied.  (This  will  only  be  the  case  if  the  device  conductance  is  dependent  upon  trap  capture 
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cross  section).  The  SDR  signal  will  have  the  same  g  valueand  line  width  as  that  of  the  ESR 
signal. 

Lenahan  and  Schubert44'46  showed  that  this  effect  is  quite  large  for  interface  state  defects 
in  grain  boundaries.  Henderson  demonstrated47  that  it  is  also  quite  large  for  P5  centers  at  the 
Si/Si02  interface.  For  reasons  which  remain  obscure,  the  technique  is  also  sensitive  to  E' 
centers  (hole  traps  in  Si02 ). 

3.2  THE  SPIN  DEPENDENT  RECOMBINATION  SPECTROMETER  DESIGN. 

During  the  past  three  years  we  have  designed,  constructed  and  tested  a  spin  dependent 
recombination  spectrometer.  A  block  diagram  is  illustrated  in  Figure  1. 


Figure  1.  A  block  diagram  of  a  SDR  spectrometer. 

The  operation  of  the  system  can  be  readily  understood  through  an  examination  of  Figure  1. 
The  SDR  sample,  a  gate  controlled  diode,  is  placed  in  a  TE102  microwave  resonant  cavity. 
The  cavity  is  critically  coupled  to  a  microwave  generator  tuned  to  the  resonant  frequency  of 
the  cavity.  The  cavity  is  placed  in  an  electromagnet  which  provides  large  slowly  varying 
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field.  An  NMR  gaussmeter  monitors  the  field  amplitude  quite  precisely  (  ±  0.005% ) .  A 
comparison  of  microwave  frequency  (provided  by  the  microwave/rf  counter)  and  the  NMR 
gaussmeter  frequency,  allows  us  to  determine  the  g  value  of  our  SDR  spectrum. 

We  use  a  lock-in  amplifier  to  measure  SDR  induced  changes  in  sample  conductance.  As 
illustrated  in  the  figure,  we  monitor  current  change  in  a  gate  controlled  diode  inside  the 
microwave  resonant  cavity.  Helmholz  coils  superimpose  a  small  (~4  Gauss)  magnetic  field 
oscillating  at  audio  frequency  (-100  Hz  to  10  KHz)  on  the  large  slowly  varying  field.  When 
the  large  field  (H0)  reaches  the  resonance  value,  that  is  Ho’1  =  gjig/hv,  the  oscillating 

magnetic  field  brings  the  sample  in  and  out  of  resonance  at  150  Hz.  Since  the  lock-in 
amplifier  is  phase  and  frequency  locked  to  the  current  driving  the  Helmholz  coils,  small 
changes  in  sample  conductance  (i.e.  changes  in  current)  are  readily  observable. 

3.3  SPIN  DEPENDENT  RECOMBINATION  IN  MOSFETS  IN  INTEGRATED 
CIRCUITS. 

Our  most  significant  observations  are  discussed  in  Appendices  A  and  B.  Appendix  A, 
"A  Spin  Dependent  Recombination  Study  of  Radiation  Induced  Defects  at  and  Near  the 
Si/Si02  Interface,"  has  been  accepted  for  publication  in  IEEE  Transactions  on  Nuclear 
Science  and  will  appear  in  the  December  1989  issue.  Mark  Jupina  presented  the  paper  at  the 
NSREC  meeting  at  Marco  Island  in  July  1989. 

Appendix  B,  a  second  paper,  presented  as  the  "Plenary  Lecture  on  Electronic  Materials"  at 
the  Fifth  International  Symposium  on  Magnetic  Resonance  in  Colloid  and  Interface  Science, 
focuses  on  the  magnetic  resonance  and  was  written  for  magnetic  resonance  specialists  who 
are  not  particularly  knowledgeable  about  MOS  device  physics.  It  will  be  published  in  the 
magnetic  resonance  conference  proceedings. 
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University  Park,  PA  16802 


ABSTRACT 

A  new  electron  spin  resonance  technique,  spin  dependent 
recombination  (SDR)  permits  extremely  rapid,  high  signal  to 
noise  ratio  Electron  Spin  Resonance  (ESR)  measurements  of 
electrically  active  radiation  damage  centers  in  (relatively)  hard 
MOS  transistdiS  in  integrated  circuits. 

Using  SDR,  we  observe  the  radiation  induced  buildup  of 
Pbo  and  E’  centers  at  relatively  low  concentrauon  in  individual 
MOSFETs  in  integrated  circuits  with  (100)  silicon  surface 
orientation.  Earlier  ESR  studies  of  extremely  large  (-1  cm2) 
capacitor  structures  have  identified  Pp  and  E'  centers  as  the 
dominant  radiation  induced  defects  in  MOS  devices.  Our 
results  extend  and  confirm  these  earlier  results  and  at  least 
qualitatively  answer  objections  to  the  earlier  work  related  to 
the  rcievancc  of  large  capacitor  studies  to  transistors  in  an 
integrated  circuit. 


that  SDR  is  sensitive  to  the  E'  centers  generated  by  radiation 
and  that  these  E‘  centers  are  "close"  to  the  Si/Si02  interface. 

Our  observations  collectively  confirm  and  extend  earlier 
ESR  studies  of  radiation  damage  that  used  large  area 
capacitors.  Our  studies  qualitatively  answer  objections  to 
earlier  ESR  work  related  to  the  relevance  of  very  large  area 
capacitor  ESR  studies  to  MOSFETs  in  integrated  circuits. 

Our  measurements  involve  relatively  hard  and  relauvcly  soft 
MOSFETs.  The  difference  in  hardness  in  the  two  sets  of 
devices  involved  only  a  high  temperature  post  oxidation 
anneal.  Our  results  suggest  that  E’  centers  are,  on  average, 
closer  to  the  interface  in  the  harder  device. 


EARLIER  ESR  STUDIES 
INVOLVING  MOS  CAPACITORS 


INTRODUCTION 


Since  the  mid-1960s  when  it  was  shown  that  metal-oxide- 
semiconductor  (MOS)  devices  were  sensitive  to  ionizing 
radiation  [1],  the  radiation  response  of  these  devices  has  been 
an  active  research  area.  The  radiation  damage  process  results 
in  the  creation  of  interface  states  at  the  Si/Si02  interface  and 
the  capture  of  holes  in  deep  traps  near  the  Si/Si02  interface  (2- 
6]  Combining  electron  spin  resonance  (ESR)  and  capacitance 
versus  voltage  (CV)  measurements,  Lenahan  and  Dressendorfer 
[7,8]  showed  that  a  trivalent  silicon  defect  called  the  center, 
which  is  located  at  the  Si/Si02  interface,  is  the  dominant 
radiation-induced  interface  state,  while  an  oxygen  deficient 
silicon  defect  in  the  oxide,  termed  the  E'  center,  is  the  hole 
trap.  Their  studies  used  large  area  MOS  capacitors  (several 
cm2)  because  standard  ESR  detection  techniques  available  at 
that  time  were  many  orders  of  magnitude  too  insensitive  to 
pcimit  studies  of  individual  mctal-oxidc-scmiconductor  field- 
effect  transistors  (MOSFETs). 


In  this  study  we  use  the  electron  spin  resonance  technique 
called  -jpin  dependent  recombination  (SDR).  SDR  has  several 
advantages  over  standard  ESR  in  the  study  of  radiation  damage 
in  MOSFETs.  !t  is  many  orders  of  magnitude  more  sensitive 
than  standard  ESR  detection;  it  allows  the  rapid  (a  few 
minutes)  detection  of  low  densities  (-101  Vcm2)  of  radtauon 
induced  point  defects  in  single  MOSFETs  tn  integrated 
circuits.  We  show  that  SDR  is  sensitive  to  both  radiation 
induced  Pb  and  E'  centers.  Wc  provide  a  scrmquantitaiivc 
analysis  of  the  P5  results,  however  we  arc  able  only  to  show 


Our  SDR  results  involve  two  point  defects  that  earlier 
capacitor/standard  ESR  studies  have  shown  to  be  the  dominant 
radiation  induced  defects  in  MOS  devices.  ?b  and  E'  centers. 

The  P5  center  was  discovered  by  Nishi  [9],  Nishi  and  his 
coworkers  studied  unirradiated  MOS  structures.  Nishi  £L2l  [9 
10)  identified  the  Pb  center  as  a  trivalent  sibcon  at  or  very  near 
the  Si/Si02  interface.  They  demonstrated  [10]  that  high 
temperature  processing  steps  that  yield  high  S1/S1O2  interface 
state  density  also  yield  high  ?b  density,  and  that  high 
temperature  processing  steps  that  yield  low  interface  state 
density,  also  yield  low  Pb  density. 

Nishi  et  al  [10]  established  that  the  Hall  mobility  of 
inversion  layer  electrons  at  the  Si/Si02  interface  decreases  with 
increasing  Pb  concentration.  They  showed  that  this 
correlation  between  processing  induced  Pb  and  electron 
mobility  could  be  explained  in  terms  of  coulombic  scattering 
from  negatively  charged  Pb  interface  state  centers  at  the 
Si/Si02  boundary.  They  also  showed  that  the  MOSFET’s 
transconductance  increases  with  decreasing  Pb  concentration, 
and  furthermore,  specifically  noted  that  the  dependence  of  Pb 
density  on  the  partial  pressure  of  water  during  oxidation  is 
quite  similar  to  that  of  the  Si/Si02  interface  state  density. 
These  observations  convincingly  established  the  strong 
correlation  between  interface  states  created  by  high  temperature 
processing  and  Pb  centers.  Caplan  et_ai  [11]  while  studying 
unirradiated  devices,  later  provided  an  ingenious  proof  that  Pb 
is  a  silicon  bonded  to  three  other  silicons  at  the  Si/Si02 
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interface.  Poindexter  ci  nl  [12)  additionally  established  that 
Pbspin-iatti'  e  relaxation  time  is  strongly  dependent  upon  gate 
bias,  but  they  were  unable  to  establish  whether  or  not  the 
center  charge  state  and  spin  state  ate  bias  dependent  -that  is 
whether  or  not  the  P5  levels  are  themselves  interface  states. 

Lenahan  and  Dressendorfer  [7,8,13]  established  that  the  Pj) 
center  is  an  amphoteric  interface  state  defect  with  lescls  in  the 
band  gap  matching  the  electronic  density  of  interface  states. 
Their  ESR  work  indicates  1  iat  when  the  Fermi  level  is  at 
midgap  there  is  approximately  zero  net  charge  in  the  Pfc  center 
interface  state  defects.  They  furthermore  demonstrated  that  Pb 
centers  and  radiation  induced  interface  states  [14,15]  arc 
generated  in  approximately  equal  numbers  and  that  they 
exhibit  the  same  annealing  characteristics  [15].  Their  work, 
however,  was  restricted  to  (111)  substrate  silicon  devices. 
Kim  and  Lenahan  have  found  quite  similar  results  for  ?b 
centers  on  (100)  substrates  [16). 

More  than  30  years  ago,  Weeks  [17]  discovered  the  E'  center 
in  irradiated  crystalline  Si02.  He  proposed  that  E'  is  an 
electron  trap  with  an  unpaired  electron  residing  on  a  silicon 
atom  [17].  Silsbee  [18]  and  Feigl  [19]  §L2l  refined  Week's 
initial  assessment  of  E’  in  crystalline  quartz.  Feigl  et  al 
argued  that  the  E’  center  is  essentially  a  hole  trapped  in  an 
oxygen  vacancy.  An  asymmetric  relaxation  of  the  silicons  on 
either  side  of  the  vacancy  occurs  upon  hole  capture;  the 
relaxation  results  in  the  unpaired  spin  residing  almost  entirely 
at  one  of  the  silicons. 

Marquardt  and  Sigel  [20]  were  apparently  the  first  to  observe 
E'  centers  in  an  irradiated  MOS  structure.  They  observed  a 
weak  narrow  resonance  with  the  appropriate  g  value  in  heavily 
irradiated  (220  Mrad),  rather  thick  (up  to  ll.OOOA)  oxides  on 
silicon.  Although  they  reported  no  results  of  electrical 
measurements  on  their  devices,  they  suggested  (correctly)  that 
E'  centers  could  be  the  trapped  hole  centers  in  the  oxide. 

Lenahan  and  Dressendorfer  showed  that  the  E'  center  is 
primarily  responsible  for  the  buildup  of  positive  charge  in 
irradiated  oxides.  They  found  that  the  densities  of  E'  centers 
and  holes  trapped  in  the  oxide  are  approximately  equal, 
[8,16,21,22]  that  the  E'  centers  and  trapped  holes  have 
identical  annealing  characteristics,  [8]  and  that  the  E'  centers 
and  trapped  holes  are  identically  distributed  in  the  oxide  [8]. 

Combining  vacuum  ultraviolet  (hc/X  -  10.2  eV)  and 

ultraviolet  (hc/X  —  5  eV)  illumination  sequences  with  ESR 
and  CV  measurements,  Witham  and  Lenahan  [23,24] 
showed  that  the  hole  trapping  process  involving  E'  centers 
is  entirely  consistent  with  the  simple  oxygen  vacancy  model 
of  Feigl  et  al  [19]. 

Quite  recent  electron  spin  resonance  studies  of  Takahashi 
et  al  [25]  and  Miki  et  a  I  [26]  also  show  a  correspondence 
between  E'  centers  and  trapped  holes  in  MOS  oxides. 


SPIN  DEPENDENT  RECOMBINATION 

The  technique  of  spin  dependent  rccomoinauon  (SDR)  was 
first  demonstrated  by  Lcpine  [27]  in  1972.  It  has  been  applied 
to  unoxidized  silicon  surfaces  [27],  pn  junction  diodes  [28], 
amotphous  hydrogenated  silicon  thin  films  [29],  silicon  grain 
boundaries  [30],  and  the  MOS  system  [31-33].  Vranch  et  nl 
[33]  recently  demonstrated  SDR  in  a  gate  controlled  diode; 
although  Vranch  and  coworkers  provided  limited  informauon, 
their  diode  was  quite  large  (0.25  cm^)  and  possessed  an 
extremely  high  surface  state  density.  Although  the  qualuauve 
observations  of  Vranch  et  al  did  not  explore  the  relauonship 
between  SDR  signals,  applied  voltages,  modulation 
frequencies,  etc.,  it  did,  as  docs  our  study,  provide 
confirmatory  evidence  that  Pb  centers  play  a  dominant  role  in 
the  radiation  induced  interface  states  at  the  Si/Si02  interface. 
(Unlike  our  study,  the  Vranch  study  was  unable  to  detect  the 
presence  of  E'  centers  in  their  SDR  measurements). 

THE  TECHNIQUE 

Just  as  in  standard  ESR,  SDR  detects  the  presence  of 
paramagnetic  point  defects,  that  is,  defects  with  an  unpaired 
electron  [27-36].  The  technique  exploits  the  fact  that  the 
capture  cross-section  of  a  paramagnetic  trapping  center  is 
affected  by  its  spin  state.  Several  somewhat  contradictory 
models  [27,28,34-36]  have  been  proposed  to  explain  the  spin 
dependent  recombination  process.  Since  a  detailed  description 
of  these  models  is  not  appropriate  for  our  discussion,  we 
present  only  a  qualitative  rationalization  of  the  phenomenon. 

If  we  apply  a  strong  magnetic  field  to  a  semiconductor,  the 
electron,  hole,  and  trap  spins  will  be  polarized;  they  will 
tend  to  line  up  with  the  applied  field.  Only  those  electrons 
and  holes  whose  spin  states  are  anti-parallel  to  the  spin  state 
of  the  paramagnetic  defect  are  trapped;  those  electrons  and 
holes  whose  spin  states  are  parallel  to  the  spin  state  of  the 
paramagnetic  defect  are  not  (or  arc  very  unlikely  to  be) 
trapped.  Only  electrons  and  holes  trapped  in  singlet 
configuration  at  a  paramagnetic  center  will  recombine.  The 
applied  field  increases  the  probability  of  triplet  configurauons 
and  decreases  the  probability  of  singlet  configurations.  The 
field  induced  decrease  in  singlet  configurations  decreases  the 
overall  probability  of  capture  events.  The  effect  of  the 
applied  field  is  thus  to  decrease  the  capture  cross-secuon  of 
paramagnetic  traps. 

If  in  addition  to  the  static  field  we  add  an  oscillating 
(microwave  frequency)  field,  we  can  flip  the  spins  in  the 
paramagnetic  trap  centers  if  the  ESR  condition  is  satisfied. 
(For  a  trap  with  g  =  g.,  hv  =  g.pH,  where  h  is  Planck's 
constant,  v  is  the  microwave  frequency,  P  is  the  Bohr 
magneton,  and  H  is  the  "static"  field.)  If  the  microwave 
intensity  is  high  enough,  we  can  completely  randomize  the 
spin  orientations  in  the  trap,  significantly  increasing  the 
probability  of  singlet  potential  trapping  events.  The 
microwave  radiation  in  turn  increases  die  trap  capture  cross- 
section  and  thereby  increases  the  recombination  rate.  In  our 
experiments  the  microwave  frequency  is  fixed  by  the  resonance 
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frequency  of  our  microwave  cavity;  the  "static"  field  is  slowly 
varied  over- tens  or  hundreds  of  seconds. 


OUR  EXPERIMENT 


A.  The  Device 

In  these  studies,  a  MOSFET  is  used  as  a  gate-controlled 
diode  [37-41]  (source  and  drain  shorted  together)  to  study 
radiation-induced  paramagnetic  trapping  centers.  The  p-n 
junction  of  the  gated-diode  is  slightly  forward  biased  (Vj  <  0.3 
V),  so  that  changes  in  the  recombination  current  associated 
with  deep  trap  levels  can  be  monitored  while  their  spin 
resonance  condition  is  satisfied.  For  low  forward  biases,  with 
the  surface  under  the  gate  in  accumulation,  only  those  centers 
that  are  within  the  depletion  region  of  the  p-n  junction 
contribute  to  the  recombination  current  and  SDR.  If  the 
surface  under  the  gate  is  inverted,  centers  within  the  depiction 
region  of  the  field-induced  junction  between  the  inversion  layer 
and  the  underlying  substrate  also  contribute  to  the  total 
recombination  current  and  SDR  (which  are,  therefore,  larger 
than  in  accumulation).  In  depiction,  interface  states  will 
provide  another  contribution  to  the  total  recombination 
cunent,  resulting  in  a  peak  in  the  forward  current  versus  gate 
voltage  characteristic.  It  is  the  SDR  spectra  in  depletion  that 
we  are  primarily  concerned  with  in  this  study. 
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The  MOSFETs  used  in' this  study  were,  p-channel  with 
(100)  substrate  orientation.  Oxides  were  grown  in  dry  O2  at 
1000  C  to  a  thickness  of  37  nm.  Annealing  these  oxides  in 
silll  in^  at -1000  C  for  25  minutes  resulted  in  a  radiation 
soft  oxide  whilemnneating  jn  situ  in  N2  at  900  C  for  25 
minutes  resulted  in  aradiation  hard  oxide.  The  ri-well 
doping  was  1.5  x  lO^/cm^  with  a  well  depth  of  6  pun. 
The  gate  area  of  the  devices  was  10^cm“  and  _ic  p+  source 
and  drain  dopings  were  3  x  lO^/cnA 

Since  this  study  is  primarily  concerned  with  radiation- 
induced  centers  at  the  Si/Si02  boundary,  the  Si/SiCb  interlace 
contribution  to  recombination  is  our  major  concern.  In, our 
analysis  we  assume  that  the  quasi-Fermi  levels  for  electrons 
(Epn)  and  holes  (Epp)  are  approximately  constant  throughout 
the  depletion  region  underneath  the  gate.  This  assumptionhas 
been  used  by  others  [37,38]  but  may  not  always  be  entirely 
valid  [41],  The,  band  diagram  (for  the  cross-section  AA)  of  a 
gated-diode  with  its  gate  rtreadepietedand  junction  forward 
biased  is  shown  in  Figure  lv  The  spacing  between  the  quasi- 
Fermi  levels  is  determined  by  the  forward  bias  Vj,  The  total 
band  bending  is  described  by  the  surf  ace  potential  y  s,(a 
function  of  gate  bias,  Vq).  Thc  diffcrence  between  the  (bulk) 
energy  levels  Epn  and  Et  (intrinsic  Fermi  level)  is  termed 
<t>Fn.  The  rate  of  recombination  depends  on  the  number  of 
interface  states  in  the  depleted  surface  region  and  on  the  density 
of  carriers  injected  into  this  region  under  low  forward  bias 
[38,39].  The  surface  recombination  rate  will  be  largest  when 
the  sum  of  the  electron  and  hole  concentrations  at  the  surface 
has  its  minimum  value  [38,39].  This  happens  when  the 
concentrations  are  equal.  The  carrier-concentrations  are  equal 
when  the  surface  potendal  is  [39] 


Figure  1  A  gated  diode  (la)  forward  biased  and  gate  area 
depicted  of  carriers.  An  energy  band  diagram  (lb) 
for  the  cross-secuon  AA  of  the  gated-diode. 


i^Fn-Vj/2 

0) 

-  Ps  ~  nj  exp(qVj/2kT) 

(2) 

(where  ns  and  ps  are  the  electron  and  hole  surface 
concentrations  and  nt  is  the  intrinsic  carrier  concentration). 

From  simple'Shockley,  Read  [42],  Hall  Theory,  the  surface 
recombination  current  maximum  of  the  resulting  forward 
current  is  [38] 
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for  Vj  »  kT/q,  where  s0  =  (n/2)  avth  kTDu  and  a  is  taken 
to  be  thc  electron  and  hole  capture  cross-section,  is  the 
thermal  velocity  of  the  charge  carriers,  k  is  the  Boltzmann 
constant,  T  is  die  absolute  temperature,  Du  is  the  interface 
suite  density  around  the  middle  of  the  gap  and  Aq  is  the  area 
under  the  gate.  For  Vj  »  kT/q,  only  the  interface  suites 
whose  energy,  lie- within  a  band  -qVj/2  centered  around  the 
middle  of  the  forbidden  gap  contribute  significantly  to  the 
surface  recombination  current  [37,38].  (Grove  and  Fitzgerald 
have  defined  So  as  the  surface  recombination  velocity  of  a 
depleted  surface  [37].) 
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B.  Experimental  Technique 

The  SDR  spectrometer  employed  in  this  study  is 
schematically  illustrated  in  Figure  2.  The  gated-diodc  was 
mounted  on  a  rectangular  quartz  rod  and  centered  inside  an  X 
band  TE102  microwave  cavity  with  a  resonant  frequency  of 
~9.5  GHz.  The  (100)  Si/S i(>2  interface  of  the  device  was 
perpendicular  to  the  applied  field.  Ct.  vas  taken  to  minimize 
the  microwave  electric  field  at  the  uevicc,  since  the  diode 
acts  as  a  microwave  detector  generating  an  unwanted  pick-up 
current.  The  loaded  cavity  had  a  Q  of  about  5000.  The 
microwave  source  was  a  low  noise  100  mW  X-band  solid  state 
oscillator.  The  cavity  was  placed  in  an  electromagnet  (-3500 
G),  and  Helmholtz  coils  were  used  for  magnetic  field 
modulation  (audio  frequencies  and  4  Gpp  amplitude).  The 
microwave  cavity,  microwave  generator,  magnet,  and 
controller  were  taken  from  a  Micro-Now  Model  8300  ESR 
spectrometer. 


Gale  Voltage  (  V  i 


Figure  3  Pre-  and  post-irradiation  IV  curves  for  both  hard  and 
soft  oxides. 


The  gated-diode  was  biased  at  a  fixed  gate  and  junction 
voltage  while  spin  dependent  variations  in  the  recombination 
current  at  resonance  were  monitoied  using  a  cunrent-to-voltage 
pre-amplifier  and  lock-in  amplifier  (Ithaco  Dynatrac  Model 
393).  With  continuous  wave  microwave  exitation,  the 
magnetic  field  was  slowly  ramped  (-50  G  in  two  minutes) 
while  the  SDR  signal  was  cycled  in  and  out  resonance  and 
monitored  by  the  lock-in  amplifier.  The  resulting  spectra  are 
approximately  the  first  derivative  of  an  "absorption-like" 
curve.  For  g-value  determination  of  the  paramagnetic 
recombination  centers,  a  commercial  NMR  (nuclear  magnetic 
resonance)  gaussmeter  (Micro-Now  Model  515)  was  used  in 
conjunction  with  a  frequency  meter. 


Microwave  Source  Power  Supply 


Pre 

Post- 

irradiation 

irradiation 

Hard  Soft 

Hard 

Soft 

Midgap  Djt  (101  Vcm^cV) 

from  CV  0-3  0.2 

2.0 

3.5 

sQ  (cm/sec.)  2.0  2.0 

45 

51 

Midgap  Djt  (10^/cm^eV) 

from  sQ  with  O  =  4  x  10'16cm2  0-1  0,1 

2.9 

3. 

AVme  (volls) 

-1.6 

“s 

. 

Table  1  Summary  of  electrical  characteristics 
for  pre-  and  post-irradiated  devices. 
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Figure  2  Block  diagram  of  the  SDR  spectrometer. 


Figure  4  Post-irradiation  KF  CV  curves  for  both  hard  and 
soft  oxides. 


Discussion  and  Results 

Both  the  relatively  hard  and  relatively  soft  devices  were 
irradiated  with  Co^O  y-rays  to  a  total  dose  of  5  Mrads.  A 
gate  bias  of  +5  volts  was  applied  during  irradiation.  The 
effects  of  the  radiation  on  the  electrical  characteristics  of  the 
devices  arc  displayed  in  Figure  3  in  the  form  of 
recombination  current  versus  gate  voltage  for  a  given 
forward  bias.  Pre-  and  post-irradiation  curves  arc  shown  for 
both  the  hard  and  soft  devices.  The  radiation  generated 
interface  states  in  both  hard  and  soft  devices  have  increased 
the  surface  recombination  current  by  about  a  factor  of  about 
twenty  in  both  cases.  The  ;ncrease  in  trapped  positive 
charge  in  the  oxide  has  shifted  the  IV  (current  versus 
voltage)  curves  more  negatively  along  the  voltage  axis.  The 
MOSFETs'  electrical  characteristics,  both  before  and  after 
irradiation,  arc  summarized  in  Table  1.  Mid-gap  interface 
state  densities  (Djt)  before  irradiation  were  determined  by  the 
High-Low  CV  (capacitance  versus  voltage)  technique  [43]  on 
test  capacitors  fabricated  with  the  same  processing  steps  as 
the  MOSFETs.  Mid-gap  Dit  after  irradiation  was  determined 
by  the  Terman  technique  (44]  on  the  actual  MOSFETs  used 
in  this  study.  The  post-irradiation  HF  (high  frequency)  CV 
curves  of  the  MOSFETs  (source  and  drain  shorted  to 
substrate)  are  shown  in  Figure  4.  The  "stretch-out"  of  these 
curves  was  due  entirely  to  interface  states,  and  no  LNUs 
(lateral  charge  nonuniformities)  were  present  as  determined 
by  a  test  for  LNUs  in  MOSFETs. [45]  Surface 
recombination  velocities  (sq)  of  the  depleted  surface  both 
before  and  after  irradiation,  were  determined  from  reverse  bias 
IV  curves,  taking  the  generation  current  for  a  depleted  surface 
as  constant  and  given  by  Igen.s -  QsoniAG  [38],  The  mid¬ 
gap  interface  state  density  was  also  determined  from  the  sQ 


buildup  consists  mostly  of  Pbo  centers.  On  (100)  surfaces 
with  process-induced  interface  states,  Poindexter  et  :il  (46) 
observed  twr, P^  centers,  termed  Pbo  and  Pbi.  The  Pbo  defect 
is  a  silicon  bonded  to  three  other  silicons  at  the  St/SiCb 
interface;  the  structure  of  Pbi  is  not  yet  clearly  established. 
Rotation  of  the  device  in  the  cavity  revealed  the  Pbo  spectra  s 
anisotropy.  In  Figure  5c,  the  surface  under  the  gate  is  in 
inversion,  so  the  paramagnetic  recombination  centers  within 
the  depletion  region  of  the  field-induced  junction  between  die 
inversion  layer  and  the  underlying  substrate  contribute  to  the 
SDR  signal.  This  SDR  signal  (g  =  2.0055  and  10  Gpp  width) 
is  very  much  like  the  resonance  signal  found  in  the  depletion 
region  of  the  p-n  junction  for  accumulation. 

ACCUMULATION 
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values  obtained  from  the  IV  curves.  (In  the  calculation,  we 
took  the  square  root  of  the  product  of  electron  and  hole 
capture  cross-sections  a-  (an  cfp)1/2  to  be  4  x  I0'16  cm2). 
Finally,  the  mid-gap  voltage  shifts  are  given. 

In  irradiated  hard  and  soft  gated  diodes,  we  observe  SDR 
spectra  in  accumulation,  depletion,  and  inversion  at  low 
forward  bias.  (Attempts  to  observe  SDR  in  either  devices 
before  irradiation  failed.  The  limit  of  our  detecdon  was  a 
variauon  AI  in  the  recombination  current  at  resonance  of 
approximately  10'14  amps.)  Spectra,  qualitatively 
representadve  of  both  types  of  oxides,  are  displayed  in  Figure 
5.  In  Figure  5a,  the  surface  under  the  gate  is  in  accumulauon, 
so  only  those  paramagnetic  recombinadon  centers  in  the 
deplcdon  region  of  the  p-n  junction  contribute  to  the  SDR 
signal.  This  signal  with  a  g-value  of  2.0055  and  a  10  Gpp 
width  has  been  observed  before  by  Soiomon  [28]  in  a 
depletion  region  of  an  ordinary  p-n  diode.  In  Figure  5b,  the 
surface  under  the  gate  is  in  depletion,  so  the  paramagnetic 
recombinadon  centers  at  the  Si/Si02  interface  generate  most  of 
the  SDR  signal.  In  Figure  5b,  both  Pbo  (g  =  2.006  ± 
0.0003)  and  E’  (g  =  2.0007  ±  0.0003)  centers  arc  visible  as 
in  previous  ESR  studies  done  by  Kim  and  Lcnahan  [16]  on 
radiation-induced  defects  in  (100)  MOS  structures.  Just  as 
they  reported,  we  find  that  the  radiadon-induccd  interface  state 
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Figure  5  SDR  spectra  for  the  irradiated  "hard"  device  in 
accumulation  (A),  depleuon  (B),  inversion  (C). 


Semiquantitative  Analysis  of  Pbo  Results 

Recombinadon  current  (I)  and  the  peah-to-peak  magnitude  of 
the  Pb0  center's  SDR  signal  (AI)  versus  gate  bias  are  plotted 
in  Figures  6  and  7  (hard  oxide  is  6  and  soft  oxide  is  7)  where 
the  maximum  AI/I  =  ~5  x  10-4  in  both  plots.  Shockley-Read 
statistics  [42]  for  nonequilibrium  predict  that  the 
recombination  current  peaks  in  the  region  between  the  quasi 
Fermi  levels  near  mid-gap  (y$=  <Ppn  -  Vj/2).  Qualitatively, 
the  P^  signals  in  both  the  hard  and  the  soft  oxides  also  peak 

in  the  gate  bias  regime  where  surface  recombination 
dominates,  as  one  would  expect  for  interface  defects  with 
levels  near  mid-gap. 
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Figure  6  Recombination  Current  (I)  and  Pb0  center  SDR 
signal  (AI)  versus  gate  voltage  for  the  "hard"  device. 


Gate  Voltage  (  V  ) 

Figure  7  Recombination  current  (I)  and  Pbo  center  SDR 
signal  (AI)  versus  gate  voltage  for  the  "soft"  device. 


In  Figure  8  the  magnetic  field  modulation  frequency 
dependence  of  the  P^  center  is  displayed  (where  the  AI's  are 

normalized  to  their  maximum  values).  Similar  results  were 
found  in  both  the  hard  and  soft  oxides.  (The  junction  was 


forward  biased  at  0.2  V;  the  frequency  dependence  varied  little 
with  gate  bias  for  depletion).  By  using  a  small  sinusoidal 
magnetic  Held  at  various  frequencies,  the  system  is  driven  in 
and  out  of  resonance  about  a  steady  state  value,  the  result 
being  the  determination  of  an  electronic  relaxation  time 
associated  with  the  rate  limiting  process  at  that  paramagnetic 
center.  With  a  dual-phase  lock-in  amplifier,  both  the  in-phase 
and  out-of-phase  SDR  signal  can  be  monitored  for  various 
modulation  frequencies.  The  frequency  response  of  a  system 
in  SDR  normalized  to  steady  state  is  [27,30] 

AI  =  cox  sin(cox)/((ti)x)2  +  1)  +  cos(wx)/(  (cox)2  +  l)  (4) 


where  o>  is  the  angular  modulation  frequency,  t  is  the 
electronic  relaxation  lime,  l/((cox)^  +  1)  is  the  in-phase 
component,  and  cox/((cox)2  +  1)  is  the  out-of-phase 
component.  From  equation  4,  the  electronic  relaxation  times 
associated  with  the  Pfc  center  is  found  to  be  0.3  msec.  This  x 
should  be  the  average  time  required  for  a  neutral  paramagnetic 
Pbo  center  to  capture  either  an  electron  or  a  hole.  This  time 
is  given  by  the  inverse  of  the  product  of  the  number  of 
electrons  or  holes  times  the  thermal  velocity  (vth)  times  the 
capture  cross-section  of  a  trap.  The  number  of  electrons  and 
holes  under  the  gate  at  the  maximum  surface  recombination 
rate  is  given  by  equation  (2),  so 

x  =  ([ni  exp  (qVj/2kT)]  v^a)’1  (5) 

For  a  forward  bias  of  Vj  =  +0.2  V,  taking  v^  =  107  cm/s, 
and  a  =  4  x  10’16/cm2,  we  arrive  at  x  =  0.3  msec,  the  value 
obtained  in  Figure  8  for  Pbo  center's  modulation  frequency 
dependence. 

Qualitative  Discussion  of  E  Results 

The  E’  signal  observed  by  standard  ESR  in  MOS  structures 
was  shown  to  be  a  hole  napped  in  an  oxygen  vacancy  very 
near  the  Si/Si02  interface  [8,13,14,22],  Whether  the  E' 
centers  observed  in  SDR  are  associated  with  the  deep  hole  trap 
can  not  be  ascertained  with  absolute  certainty  at-tHis  time. 
What  is  certain,  though,  is  that  the  E’  center  must  reside  close 
enough  to  the  Si/Si02  interface  to  play  some  role  in  an  SDR 
event.  In  Figure  9,  the  Pbo  and  E'  resonances  are  displayed  for 
the  hard  (9a)  and  soft  (9b)  devices.  Although  the  Pbo  and  E' 
amplitudes  are  roughly  equal  in  the  hard  oxide,  the  E'  signals 
are  considerably  smaller  in  the  soft  oxide.  Simple  SDR 
theory  indicates  that  only  E'  centers  that  act  as  recombination 
levels  near  midgap  could  be  detected;  however,  it  is  well 
established  [47]  that  paramagnetic  centers  that  are  relatively 
close  to  one  another  may  exchange  energy  with  one  another 
via  a  spin-spin  interaction.  The  strength  of  the  spin-spin 
interaction  is  proportional  to  the  inverse  cube  of  the  distance 
between  the  centers  [47).  Conceivably,  the  E'  centers  near  the 
Si/SiC2  interface  could  be  detected  via  some  indirect  spin-spin 
interaction  of  as  yet  uncstablished  origin. 

Previous  studies  have  investigated  differences  in  radiation 
hard  and  soft  oxides  [48-50).  One  recent  study  involving 
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Figure  8  Pbo  center's  In-phase  and  Out-of-phase  SDR 
signals  versus  magnetic  field  modulation 
frequency. 
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Figure  9  Pbo  and  E1  spectra  for  both  hard  (9a)  and  soft  (9b) 
oxides. 


annihilation  of  holes  via  tunneling  (48]  shows  that  quite 
substantial  differences  exist  in  the  distribution  of  trapped  holes 
in  hard  and  soft  oxides.  The  trapped  holes  are  trapped  very 
close  to.the  Si/Si02  interface  :n  hard  oxides;  the  trapped  hole 
distribution  extends  well  into  the  oxide  in  softer  devices. 
Another  study  involving  XPS  (X-ray  photocmission 
spectroscopy)  revealed  differences  in  the  amount  of  strain  at 


the  Si/Si02  interface  in  hard  and  soft  oxides  [49,50].  The 
results  indicated  that  in  hard  oxides  the  strained  transition 
region  was  much  narrower  than  in  the  soft  oxides. 

Our  results  regarding  E'  must  be  regarded  as  preliminary. 
The  SDR  technique  is  clearly  sensitive  to  E's  presence  in 
MOSFETs;  SDR  shows  they  are  not  present  before 
irradiation,  but  are  present  afterward.  SDR  shows  that  they  are 
"close"  to  the  Si/Si02  interface.  The  SDR  results  suggest  that 
the  E'  centers  are  closer  to  the  Si/Si02  boundary  in  hard 
oxides  than  in  soft  oxides. 

SUMMARY  AND  CONCLUSIONS 

In  this  study  we  used  SDR  to  observe  the  radiation  induced 
buildup  of  Pbo  and  E'  centers  in  relatively  hard  and  soft 
oxide  devices.  The  SDR  technique  allowed  rapid  detection  of 
low  (~  1011  P^cm ?)  densities  of  radiation  induced  defects 

in  individual  MOSFETs  in  integrated  circuits,  where 
conventional  ESR  detection  is  impossible.  Confirming 
earlier  studies,  P^0  centers  were  found  to  play  a  dominant 

role  in  surface  recombination,  as  one  would  expect  for 
interface  defects  with  levels  near  midgap.  The  average  capture 
time  of  the  midgap  interface  states  was  found  to  agree  quite 
well  with  the  SDR's  modulation  frequency  dependence  for  the 
P^0  center.  Finally,  differences  in  the  magnitude  of  the  E' 
spectra  in  both  the  hard  and  soft  oxides  is  tentatively 
attributed  to  E'  centers  residing,  on  the  average,  closer  to  the 
interface  in  a  hard  oxide. 
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ABSTRACT 

We  demonstrate  that  spin  dependent  recombination  (SDR)  has  the  sensitivity  to  explore  in¬ 
terface  and  near  interface  defects  in  metal/oxide/silicon  field  effect  transistors  (MOSFETs)  in 
integrated  circuits.  We  also  show  that  the  SDR  response  of  Pb  centers  is  at  least  qualitatively 
consistent  with  the  standard  Shockley-Read-Hall  recombination  model.  We  also  show  that  SDR 
measurements  in  the  MOS  system  may  provide  a  critical  evaluation  of  several  models  which  have 
been  proposed  to  explain  the  SDR  effect. 


INTRODUCTION 

Semiconductor  interfaces,  particularly  the  interfaces  of  silicon,  play  an  ex¬ 
tremely  important  role  in  modern  microelectronic  technology.  According  to 
Pantelides  [1],  one  interface  in  particular  -  the  Si/Si02  boundary,  is  “the 
heart  and  soul”  of  modern  microelectronics.  This  is  so  because  the  dominant 
device  of  modern  microelectronics  is  the  metal/oxide/silicon  field  effect  tran¬ 
sistor  (MOSFET).  Although  the  interfaces  of  modern  microelectronics  tech¬ 
nology  are  remarkably  perfect,  low  densities  of  imperfections  (electrically  ac¬ 
tive  point  defects )  limit  the  performance  of  these  devices.  The  amorphous  Si02 
films  and  their  interface  with  the  crystalline  silicon  substrates  are  susceptible 
to  several  poorly  understood  instabilities  which  are  quite  technologically  im¬ 
portant  [2].  These  instabilities  generally  result  from  the  presence  of  either 
conduction  electrons  (more  importantly)  holes  in  the  Si02.  Among  the  most 
important  instabilities  are  those  caused  by  exposure  to  the  ionizing  radiation 
of  outer  space,  X-ray,  and  e-beam  lithography,  hot  carrier  injection  in  small 
geometry  devices  and  high  electric  filed  injection  in  thin  oxide  devices. 

Studies  involving  standard  electron  spin  resonance  [3,4]  (ESR)  detection 
techniques  have  already  indicated  that  two  point  defects,  Pb  centers  and  E' 
centers,  play  important  roles  in  the  instabilities.  However,  these  standard  ESR 
studies  have  been  restricted  to  quite  large  ~  1  cm2  MOS  capacitor  structures 
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and  have  been  hampered  by  an  extremely  low  rate  of  data  acquisition  (many 
hours  to  several  days  per  data  point).  Since  it  has  been  shown  that  at  least 
some  of  these  instabilities  are  strongly  affected  by  rather  subtle  changes  in 
processing  chemistry  [5-7]  it  is  important  that  the  point  defects  be  observed 
in  transistors  in  integrated  circuits.  Since  even  the  best  commercial  ESR  spec¬ 
trometers  are  sensitive  to  j^lO11  spins  (for  several  Gauss  wide  lines  which 
saturate  at  low  levels  of  microwave  power)  ordinary  ESR  measurements  on  a 
fairly  good  MOSFET  are  impossible.  Furthermore,  one  would  like  to  be  able 
to  study  these  point  defects  as  a  function  of  Si/Si02  surface  potential,  and  as 
a  function  of  electron  and  hole  concentration  in  order  to  understand  the  elec¬ 
tronic  properties  of  the  point  defects  and  their  role  in  device  operation. 

We  show  that  the  technique  of  spin  dependent  recombination  (SDR)  has 
the  sensitivity  to  detect  the  presence  of  paramagnetic  point  defects  at  a  rather 
high  quality  ( ~  10"  cm-2  defect  density)  Si/Si02  density  in  a  MOSFET  in  an 
integrated  circuit.  We  also  show  that  the  response  of  one  of  these  centers  de¬ 
pends  upon  charge  carrier  concentration,  surface  electrostatic  potential,  and 
the  frequency  at  which  the  SDR  response  is  modulated. 

In  addition  to  providing  useful  information  to  the  solid  state  technologist, 
SDR  measurements  on  the  MOS  system  may  lead  to  a  much  better  under¬ 
standing  of  the  physics  of  SDR.  Several  models  with  quite  different  underlying 
assumptions  have  been  proposed  to  explain  SDR.  Which,  if  any,  of  these  models 
is  consistent  with  reality  is  not  yet  entirely  clear. 

Due  to  its  great  technological  importance,  the  electronic  properties  of  the 
Si/Si02  system  have  been  characterized  in  great  detail.  Reliable  techniques 
have  been  developed  to  measure  interface  state  densities,  densities  of  trapped 
carriers  in  the  oxides,  etc.  Most  significantly,  recombination  at  the  Si/Si02 
interface  has  been  analyzed  with  considerable  success  using  the  model  of 
Shockley  and  Read  [8]  and  Hall  [9]  (SRH  model). 

Shockley,  Read  and  Hall  proposed  that  deep  levels  in  the  band  gap  will  dom¬ 
inate  recombination  in  indirect  band  gap  semiconductors.  In  the  SRH  model, 
a  deep  level  captures  a  charge  carrier  of  one  sign  and  then,  before  emitting  that 
carrier,  captures  a  second  charge  carrier  of  opposite  sign.  The  capture  of  charge 
carriers  of  both  signs  results  in  the  recombination  of  an  electron  and  a  hole. 

SPIN  DEPENDENT  RECOMBINATION 

Spin  dependent  recombination  was  discovered  by  Lepine  [10]  who  showed 
that  when  paramagnetic  deep  level  traps  capture  charge  carriers,  the  capture 
process  can  be  spin  dependent.  The  technique  of  SDR  has  been  applied  to 
unoxidized  silicon  surfaces  [10],  pn  junction  diodes  [11],  amorphous  hydro¬ 
genated  silicon  thin  films,  silicon  grain  boundaries  [13]  and  the  MOS  system 
[14-16].  Vranch  et  al.  [16]  recently  demonstrated  SDR  in  a  gate  controlled 
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diode;  their  diode  was  quite  large  (0.25  cm2)  and  possessed  an  extremely  high 
surface  state  density. 

In  his  pioneering  study,  Lepine  [10]  proposed  a  very  simple  model  for  the 
spin  dependent  effect.  The  application  of  a  magnetic  field  will  polarize  both 
trap  and  electron  spin  systems  with  P„^Pt=2  fiH/kT,  where  /?  is  the  Bohr 
magneton  and  H  is  the  applied  field.  If  the  applied  field  is  3500  G  (typical  for 
X-band  ESR)  this  polarization  is  of  order  one  part  in  one  thousand  (10-3) 

An  electron  interacting  with  a  paramagnetic  deep  level  may  be  captured  only 
if  the  trap  and  conduction  electrons  spins  are  antiparallel.  A  trapping  event 
involving  parallel  spins  would  not  conserve  spin  angular  momentum.  So  an 
expression  for  a  spin  dependent  capture  cross-section  would  be 


<%D  =  0-o(l-PePt)  (1) 

where  ct0  is  the  capture  cross-section  prior  to  application  of  the  magnetic  field. 
The  effect  of  the  applied  magnetic  field  would  be  to  decrease  the  recombination 
rate  proportionally  to  aSD.  Since  PtczPt^2  fiH/kT  we  would  expect 

(2) 

at  room  temperature  this  would  lead  to  a  reduction  of  the  capture  cross-section 
of  about  ~  10  “6  for  H a  3500  G. 

Suppose  that  we  apply  a  strong  microwave  field  at  the  frequency  which  sat¬ 
isfied  the  ESR  condition  of  the  deep  tap  ( v—gtpH/h ).  If  we  saturate  the  trap 
spin  system,  we  reduce  the  net  polarization  at  the  trap  to  zero,  thereby  restor¬ 
ing  the  zero  magnetic  field  capture  cross-section  cr0. 

In  a  semiconductor  sample  in  which  conductance  is  dominated  by  recombi¬ 
nation  we  can  measure  this  spin  dependent  change  in  capture  cross-section  by 
measuring  field  amplitude  H,  microwave  field  of  frequency  v  so  that  hv—gfiH. 
If  the  microwave  field  is  intense  enough  to  “saturate”  the  spin  resonance  signal 
the  polarization  is  destroyed  and  we  would  expect  to  observe  the  effect  of  a 
4ff/ff0-4/?2if2//e2T2  induced  change  in  recombination  rate. 

The  Lepine  model  is  appealing  but,  unfortunately,  it  does  not  fit  the  data. 
Lepine,  who  observed  a  spin  dependent  change  in  recombination  at  a  silicon 
surface,  observes  an  effect  about  one  order  of  magnitude  larger  than  a  simple 
polarization  model  predicts.  He  proposed  that  the  difference  between  his  model 
and  results  involved  a  spin  dependent  change  in  the  surface  potential  -  leading 
to  an  amplification  of  the  spin  dependent  effect.  L’vov  et  al.  [17]  extended 
Lepine’s  pioneering  work  on  unoxidized  silicon  surfaces.  They  pointed  out  that 
the  (very  small)  changes  in  surface  potential  which  SDR  might  conceivably 
cause  could  not  result  in  a  large  change  in  the  size  of  the  effect  since  recombi¬ 
nation  at  a  surface  is  only  rather  weakly  dependent  upon  potential.  They  also 
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varied  surface  potential  over  a  wide  range  and  showed  that  SDR  amplitude 
could  reach  as  high  a  level  as  Za/a=  10"3. 

To  explain  their  results,  L’vov  et  al.  proposed  a  “cluster  model”.  They  pro¬ 
posed  that  the  recombination  centers  are  not  randomly  distributed  but  have  a 
tendancy  to  form  in  clusters.  They  supposed  that  in  each  cluster,  the  unpaired 
electrons  are  coupled  by  a  ferromagnetic  exchange  interaction.  A  cluster  of  Z 
traps  thus  has  magnetic  moment  M=Zgfi.  Therefore,  the  polarization  in  these 
traps  would  be  about  Zgfi/kT.  If  Z  is  large,  the  polarization  is  large  -  greatly 
increasing  the  magnitude  of  the  spin  dependent  effect. 

White  and  Gouyet  [  18 ] ,  discussing  SDR  in  plastically  damaged  silicon,  pro¬ 
pose  that  the  charge  carrier  spin  traps  itself  through  a  local  atomic  rearrange¬ 
ment.  They  assume  that  photocreated  electrons  and  holes  drop  into  shallow 
states  near  the  conduction  and  valence  bands.  Once  this  happens  the  carriers 
may  either  be  reemitted  to  the  valence  or  conduction  bands  or  drop  into  a  deep 
localized  state  with  the  emission  of  phonons.  In  their  model  the  role  of  the 
microwave  resonance  is  to  “heat  up  the  local  environment  thereby  enhancing 
phonon  emission,  i.e.  increasing  the  sticking  probability.” 

The  most  frequently  invoked  SDR  model  is  probably  that  of  Kaplan  et  al. 
[19]  (KSM  model).  They  propose,  as  Lepine  originally  did,  that  the  recom¬ 
bination  transitions  must  conserve  spin  angular  momentum.  The  “new  ingre¬ 
dient”  in  the  KSM  model  is  the  concept  of  a  pair.  They  assume  that  “before 
recombination  takes  place  the  electron  and  hole  go  through  an  intermediate 
state  in  which  they  are  in  a  situation  of  proximity.”  They  argue  that  “from  this 
pair  state  the  electron-hole  system  can  either  recombine  or  dissociate  but  not 
recombine  with  other  electrons  and  holes”. 

They  cite  as  examples  of  such  a  recombination  process  exciton  and  donor/ 
acceptor  recombination  and  propose  that  if  both  the  electron  and  the  hole  are 
trapped  before  recombining,  the  concept  of  a  pair  is  approximately  applicable. 
They  claim  that  the  recombination  of  a  trapped  electron  with  the  nearest 
neighbor  trapped  hole  will  have  higher  probability  than  with  holes  further  away. 
The  KSM  model  thus  has  little  to  do  with  the  SRH  model  in  which  an  electron 
is  trapped  at  a  deep  level  and  subsequently  a  hole  is  trapped  at  the  same  site. 

KSM  suppose  that  the  recombination  probability  of  an  electron  hole  pair  in 
a  triplet  state,  spins  parallel  ( 3 ) ,  is  negligible  and  that  the  recombination  rate 
in  the  semiconductor  system  W  is  given  by  the  singlet  ( *=♦ )  rate  Wt.  They 
further  suppose  that  the  possible  pair  sites  are  weakly  populated  so  that  the 
creation  rate  is  independent  of  the  steady  state  concentration  of  pairs.  The 
pairs  are  created  by  capture  from  carriers  with  an  isotropic  spin  distribution. 
KSM  define  a  ratio  A=  WD/WS  where  is  WD  is  the  rate  of  dissociation  of  elec¬ 
tron  hole  pairs.  If  A«l,  singlet  pairs  will  rapidly  combine  leaving  an  abun¬ 
dance  of  triplet  pairs  for  which  recombination  is  forbidden.  They  now  consider 
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the  addition  of  a  microwave  resonant  field  which  saturates  the  ESR  of  either 
the  electron  or  hole  spin  -  this  restores  the  former  ratio  of  1/4  of  singlet  to 
triplet  pairs. 

If  the  ratio  of  singlet  to  triplet  pairs  is  continually  maintained  at  1/4  and 
the  ratio  of  dissociation  rate  to  singlet  recombination  A  is  relatively  small,  we 
would  expect  the  recombination  rate  (R)  to  equal  the  rate  (C)  at  which  the 
localized  electron  hole  pairs  are  initially  created.  Without  the  saturating  mi¬ 
crowave  irradiation,  the  rate  would  be  significantly  lower.  According  to  KSM, 
the  rate  without  saturating  microwave  radiation  would  be,  in  general, 


The  rate  at  saturating  microwave  power  is,  in  general, 

p  C 

■  ”‘1+4A 


(4) 


The  difference  in  rates  peaks  around  A=0.3  and  can  be  as  large  as  0.1.  If 
10_3<A^  102,  the  difference  in  rate  is  greater  than  one  part  in  one  thousand. 


Earlier  standard  ESR  studies  of  the  MOS  system 


We  have  applied  SDR  detection  techniques  in  the  observation  of  two  point 
defects  involved  in  MOS  instabilities,  the  Pb  and  E'  centers.  Earlier  studies 
have  shown  that  these  two  centers  are  the  dominant  “radiation  damage”  cen¬ 
ters  in  in  MOS  devices. 

The  Pb  center  was  discovered  by  Nishi  [20].  Nishi  and  coworkers  studied 
unirradiated  MOS  structures.  Nishi  et  al.  [20,21]  identified  the  Pb  center  as  a 
trivalent  silicon  at  or  very  near  the  Si/Si02  interface.  They  demonstrated  [  21  ] 
that  high  temperature  processing  steps  which  yield  high  Si/Si02  interface  state 
density  also  yield  high  Pb  density,  and  that  high  temperature  processing  steps 
which  yield  low  interface  state  density,  also  yield  low  Pb  density.  Nishi  et  al. 
[21  ]  established  that  the  Hall  mobility  of  inversion  layer  electrons  at  the  Si/ 
Si02  interface  decreases  with  increasing  Pb  concentration.  They  showed  that 
this  correlation  between  processing  induced  Pb  and  electron  mobility  could  be 
explained  in  terms  of  coulombic  scattering  from  negatively  charged  Pb  inter¬ 
face  state  centers  at  the  Si/Si02  boundary.  They  also  showed  that  the  MOS- 
FET’s  transconductance  increases  with  decreasing  Pb  concentration  and,  fur¬ 
thermore,  specifically  noted  that  thedependence  of  Pb  density  on  the  partial 
pressure  of  water  during  oxidation  is  quite  similar  to  that  of  the  Si/Si02  inter¬ 
face  state  density.  These  observations  convincingly  established  the  strong  cor- 
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relation  between  interface  states  created  by  high  temperature  processing  and 
Pb  centers. 

Caplan  et  al.  [22]  also  studying  unirradiated  devices,  later  provided  an  in¬ 
genious  proof  that  Pb  is  a  silicon  bonded  to  three  other  silicons  at  the  Si/Si02 
interface.  Poindexter  et  al.  [23]  additionally  established  that  Pb  spin-lattice 
relaxation  time  is  strongly  dependent  upon  gate  bias,  but  they  were  unable  to 
estaolish  whether  or  not  the  Pb  center  charge  state  and  spin  state  are  bias 
dependent  -  that  is  whether  or  not  the  Ph  levels  are  themselves  interface  states. 

Lenahan  and  Dressendorfer  [3,4,23]  established  that  the  Pb  center  is  an 
amphoteric  interface  state  defect  with  levels  in  the  band  gap  matching  the 
electronic  density  of  interface  states.  Their  ESR  work  indicates  that  when  the 
Fermi  le\el  is  at  mid-gap  there  is  approximately  zero  net  charge  in  the  Pb  cen¬ 
ter  interface  state  defects.  Lenahan  and  coworkers  furthermore  demonstrated 
that  Pb  centers  and  radiation  induced  interface  states  [25,26]  are  generated  in 
approximately  equal  numbers  and  that  they  exhibit  the  same  annealing  char¬ 
acteristics  [26].  Their  work,  however,  was  restricted  to  (111)  substrate  silicon 
devices.  Kim  and  Lenahan  have  found  quite  similar  results  for  Pb  centers  on 
(100)  substrates  [27]. 

Over  30  years  ago,  Weeks  [28]  discovered  the  E'  center  in  irradiated  crys¬ 
talline  Si02.  Me  proposed  that  E'  is  an  electron  trap  with  an  unpaired  electron 
residing  on  a  sj‘ icon  atom  [28].  Silsbee[29]  tmd  Feigl  etal.  [30]  refined  Week’s 
initial  assessment  of  E'  in  crystalline  quartz.  Feigl  et  al.  [30]  argued  that  the 
E'  center  is  essentially  a  hole  trapped  in  an  oxygen  vacancy.  An  asymmetric 
relaxation  of  the  silicons  on  either  side  of  the  vacancy  occurs  upon  hole  cap¬ 
ture;  the  relaxation  results  in  the  unpaired  spin  residing  almo*-*  entirely  at  one 
of  the  silicons. 

Marquardt  and  Sigel  [31  ]  were  apparently  the  first  to  observe  E'  centers  in 
a  MOS  structure.  They  observed  a  weak  narrow  resonance  with  the  appropri¬ 
ate  g  value  in  heavily  irradiated  (220  Mrad),  rather  thick  (up  to  11  000  A) 
oxides  on  silicon.  Although  they  did  not  report  the  results  of  any  electrical 
measurements  on  their  devices,  they  suggested  (correctly)  thatE'  centers  could 
be  the  trapped  hole  centers  in  the  oxide. 

Lenahan  and  coworkers  showed  that  the  E'  center  is  primarily  responsible 
for  the  buildup  of  positive  charge  in  irradiated  oxides.  They  found  that  the 
densities  of  E'  centers  and  holes  trapped  in  the  oxide  are  approximately  equal 
[4,27,32,33],  that  the  E'  centers  and  trapped  holes  have  identical  annealing 
characteristics  [4]  and  that  the  E'  centers  and  trapped  holes  are  identically 
distributed  in  the  oxide  [4].  Combining  vacuum  ultraviolet  {ftc/Xa  10.2  eV) 
and  ultraviolet  5  eV)  illumination  sequences  with  ESR  and  CV  mea¬ 

surements,  Witham  and  Lenahan  [34,35]  showed  that  the  hole  trapping  pro¬ 
cess  involving  E'  centers  is  entirely  consistent  with  the  simple  oxygen  vacancy 
model  of  Feigl  et  al.  [30]. 

Quite  recent  electron  spin  resonance  studies  of  Takahashi  et  al.  [36]  and 
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Miki  et  al.  [37]  also  show  a  correspondence  between  E'  centers  and  trapped 
holes  in  MOS  oxides. 

The  Si/Si02  interface  of  MOS  devices  is  fairly  well  understood  from  an  elec¬ 
tronic  standpoint.  In  order  to  study  the  Si/Si02  boundary  with  SDR  it  is  useful 
to  consider  the  analysis  of  Si/Si02  recombination  first  developed  over  20  years 
ago  by  Fitzgerald  and  coworkers  [38,40].  They  studied  the  Si/Si02  system 
using  a  gate  controlled  diode  and  the  recombination  SRH  model.  Their  anal¬ 
ysis  provides  a  framework  for  understanding  SDR  in  the  Si/Si02  system. 

The  Shockley -Read-Hall  model  and  the  Si/Si02  interface 

The  SRH  model  is  frequently  used  to  explain  recombination  via  deep  levels 
in  semiconductors. 

The  processes  involved  are;  (A)  electron  capture,  (B)  electron  emission, 
(C)  hole  capture,  and  (D)  hole  emission.  The  four  processes  are  illustrated  in 
Fig.  1.  We  could  envision  hole  capture  (C)  as  the  transition  of  an  electron  from 
the  trap  to  the  valence  band.  We  could  also  envision  hole  emission  (D )  as  a 
transition  of  an  electron  from  the  valence  band. 

If  the  concentration  of  traps  in  given  by  Nt,  in  equilibrium  the  concentration 
of  unoccupied  traps  would  be  given  by  Nt  (1—/),  where  /  is  the  Fermi-Dirac 
distribution  function  evaluated  at  the  trap  energy  level  ( Et ):  /=  1  +  exp 
[(Et— EP)/kT].  The  rate  at  which  the  traps  capture  ./ectrons  (in  equilib¬ 
rium)  is 

r.  =  noth(rnNt(l-/)  (5) 

where  n  is  the  density  of  conduction  electrons,  oth  is  the  thermal  velocity  of 
conduction  electrons,  uth  =  (3 kT/ me ) 1/2 ,  and  an  is  the  capture  cross-section.  In 
order  for  the  electron  to  become  captured  it  must  come  close  to  the  trap;  we 
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Fig.  1.  An  illustration  of  the  processes  involved  in  the  Shockley-Reed-Hall  recombination  model. 
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suppose  that  if  the  electron  comes  within  a  distance  r=  (cr/7r ) 1/2  it  will  be 
captured. 

The  rate  of  electron  emission  will  be  proportional  to  the  number  of  occupied 
traps.  If  we  define  a  constant  e„,  the  emission  probability  per  unit  time  of  an 
electron  jumping  from  the  trap  to  the  conduction  band,  the  rate  of  electron 
emission  will  be 


rB=enNJ  (6) 

In  analogy  with  Eqn  (5)  the  rate  of  hole  capture  will  be 

rc  =  vlhoppNtf  (7) 

where  p  is  the  density  of  holes. 

The  rate  of  hole  emission  is,  by  analogy  with  Eqn  (2), 

rD=epN,(\-f)  (8) 

where  ep  is  the  hole  emission  probability. 

These  four  expressions  provide  the  basis  for  the  SRH  theory  and  the  basis 
for  understanding  recombination  through  deep  levels  in  semiconductors.  In 
order  to  complete  the  analysis  however,  we  need  to  obtain  expressions  for  elec¬ 
tron  and  hole  emission  probabilities  e„  and  ep.  It  is  easy  to  do  this  if  we  consider 
an  equilibrium  situation.  In  equilibrium,  common-sense  tells  us  that  the  rates 
at  which  electrons  and  holes  are  trapped  must  equal  the  rates  at  which  elec¬ 
trons  and  holes  are  emitted  (rA=rB  and  rc=rD).  Setting  rA  and  rB  equal  using 


Eqns  (5)  and  (6)  we  find 

en  =  uth  0nn(l—f)/f  (9) 

In  equilibrium,  the  number  of  electrons  in  the  conduction  band  is 

n=n,  exp(Ef-E-t)/kT  (10) 

where  E *  is  the  intrinsic  Fermi  level  and  n-t  is  the  intrinsic  carriers  concentra¬ 
tion.  Combining  Eqns  (9)  and  (10)  yields  an  expression  for  emission  rate. 

en=vlhonnlexp{El-Ei)/kT  (11) 

Since  the  hole  concentration  p  is  given  by 

p=rii  exp(Ei -Ef)/kT  (12) 

the  equality  of  hole  emission  and  capture  rates  requires  that 

ep  =  vlhcpniexp{Ei-El)/kT  (13) 


Suppose  we  uniformly  generate  e 


lectron  hole  pairs  at  a  rate  G  per  unit  vol¬ 


ume.  In  steady  state,  the  rate  at  which  electrons  enter  the  conduction  band 


must  equal  the  rate  electrons  leave  the  conduction  band 
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-=0-(  rA-r„)=0 


(14) 


Also  the  rate  at  which  holes  enter  the  valence  band  must  equal  the  rate  at 
which  holes  leave  the  valence  band 


dp 

dt 


—G—  (rc— rD)  =  0 


(15) 


If  we  setEqns  (10)  and  (11)  equal, 


r/,-rB=rc-rD  (16) 

By  combining  our  four  rate  expressions  in  the  nonequilibrium  occupation 
probability/': 

,, _ ann+apn;  exp{Ej-Et)/kT _ 

1  on  [n+n;  exp{Et-E0kT]+ap[p+hre3op{Ei-Et)/kT)  U  ' 

Using  this  expression  to  obtain  the  rates  of  the  individual  processes  yields  the 
rate  U  of  recombination  through  the  trap  centers. 

[/=  rate  of  electron  capture  (rA)— rate  of  electron  emission  (rB) 


=  rate  of  hole  capture  (rc )  —  rate  of  hole  emission  (rD ) 

_ _ gp(TnuthNt  [prc-nf] _ 

an  [n+ri;  exp(jEt— jE^AT]  +  ap  [p+n; exp(Ei-Et)//eT) 

It  is  difficult  to  visualize  the  behavior  of  f/  from  an  expression  as  complex 
as  Eqn  (18).  It  can  be  simplified  considerably  if  we  set  crp=crn.  With  this 
approximation, 


U=avthNt 


_ jnp-nf) _ 

n+p+2n;  cosh [{E^—E^/kT] 


(19) 


Fitzgerald  and  Grove  have  applied  Eqn  (19)  to  the  interfaces  of  semicon¬ 
ductors.  They  find  that  the  recombination  rate  per  unit  area  Us  will  be  given 
by 


b\=otvth 


rE, 

\ 

[£v 


DAE)  d E 


p,  +  +  2nj  cosh  [(E—E-J/kTi 


[psN5-n?] 


(20) 


where ps  and  n5  are  the  electron  and  hole  concentrations  at  the  interface,  DAE) 
is  the  density  of  states  of  the  interface  traps,  a,  is  the  trap  capture  cross-section 
and  Ec  and  Ev  are  the  energies  of  the  conduction  and  valence  band  edges. 
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Considering  the  silicon/silicon  dioxide  interface,  we  can  simplify  the  expres¬ 
sion  further.  The  Dit(£)  distribution  is  slowly  varying  around  the  middle  of 
the  band  gap.  Since  cosh  [(E-E{)  fkT]  blows  up  for  [£-£;]  »&T,  only  levels 
near  mid-gap  contribute  substantially  to  the  integrand;  we  may  therefore  take 
Dn(E)  as  a  constant  -  the  interface  state  density  evaluated  at  mid-gap  Dit.  If 
we  consider  the  case  p,+ n, »  the  expression  can  be  simplified  still  further. 
With pt  +  nty>ri\,  the  integrand  is  constant  [  {D-J  (ps  +  ns )  ]  for  energies  around 
mid-gap.  The  denominator  blows  up  when 


p,  +  ns<2ni  cosh[(jB— E,)/kT]  (21) 

To  a  good  approximation  then,  we  can  take  the  integrand  as  [D  J  (ps+ ns)  ] 
around  the  middle  of  the  gap,  and  zero  when  Eqn  (21)  is  satisfied.  These  con¬ 
siderations  yield 


C/ss<rsothA  t 


[Ps^-rc?] 
[p.  +  ns] 


Et+d 

f  d£ 

Ei-J 


(22) 


where 


A=kT  arc  cosh  [(p,  + n5)/2ni] 


Our  final  expression  for  recombination  rate  is  thus 


Ui^2aivthDitkT 


lP.  +  n»] 


arc  coshl 


P»  +  nA 

,  2  n-x  ) 


(23) 


(24) 


Application  of  the  shockley-Read-Hall  model  to  the  Si/Si02  interface 

Surface  recombination  at  the  Si/Si02  interface  can  conveniently  be  ex¬ 
plored  in  a  MOSFET  configured  as  a  gate  controlled  diode.  A  device  configured 
in  this  way  and  a  band  diagram  are  illustrated  in  Fig.  2.  The  source  and  drain 
are  connected  together,  a  second  connection  to  the  substrate  completes  the 
p+  /n  junction,  a  third  contact  to  the  gate  allows  in  control  of  the  surface  po¬ 
tential  ip,. 

W ith  no  voltage  applied  to  the  source  or  drain,  the  concentration  of  electrons 
and  holes  at  the  surface  can  be  varied  by  applying  a  voltage  to  the  gate;  the 
gate  voltage  controls  the  surface  potential.  Straightforward  analysis  shows  that 

nssNDexp(<70s/feT)  (25a) 

Ps  =Xj~  exp  —  (qipJkT)  (25b) 

•I’D 

where  ND  is  the  donor  density. 

If  we  apply  a  forward  bias  across  the  p  +/n  junctions  we  will  inject  holes  into 
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Gate  Controlled  Diode 


Fig.  2.  At  the  top  of  the  figure,  we  show  a  gated  diode  forward  biased  with  gate  area  depleted  of 
carriers.  Below  we  show  an  energy  band  diagram  for  the  cross-section  AA  of  the  gated-dicde. 


the  region  between  the  source  and  drain.  This  will  result  in  an  extremely  large 
increase  in  hole  density  but,  to  first  order,  little  change  in  electron  density.  If 
the  forward  bias  voltage  is  Vj,  the  hole  density  will  increase  by  a  factor  of 
exp  (q|  Vj\/kT).  Under  forward  bias  conditions  then, 

p,S^j-exp—  ( qfa/kT )  exp(q| (26a) 
nt  exp {qfa/kT)  ~ exp {qfa/kT)  exp  {qfa/kT)  (26b) 


where  fa  is  the  difference  in  energy  between  the  bulk  Fermi  energy  and  the 
Fermi  energy  of  the  intrinsic  semiconductor. 

Having  determined  p,  and  n,  (approximately)  all  of  the  parameters  of  Eqn 
(24)  are  determined.  The  surface  recombination  rate  is  given  by 


_ n?  exp(q|  Vjl/feT)  —  nf _ " 

(n-JND)  exp[g(|Vj|-0s)/&T]+ND  exp {q&./kT) . 


arccosh  e^p(g(|Vjl-0,)/feT]+ND  exp(qfa/kT)  j  (2?) 

Although  Eqn  (27)  may  be  evaluated  by  computer,  casual  inspection  of  the 
equation  yields  little  insight.  However  Eqns  (22)  and  (23)  indicate  that  the 
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recombination  rate  will  peak  when  n, + p,  is  minimized.  We  find  the  conditions 
required  to  minimize  ps  and  n,  by  setting  the  derivative  with  respect  to  0,  of 
their  sum  equal  to  zero: 


1 V- 1 

0b  =iyL-&  (28) 

which  yields 

C/sp«2crsythAt^ni  exp[(<?| V^/lkT)  (29) 

if  I  I  —  (2kT)/q. 

If  the  gate  area  is  Ac  this  corresponds  to  a  recombination  current  of 


4c.P=^G<?[2ff5uthAt«i?  V j]  exp[(<?|Vj|)/2feT]  (30) 

From  Eqn  (23),  the  centers  involved  in  this  recombination  current  are  in  a 
band  ~q\Vi\  wide  centered  around  the  middle  of  the  gap. 

Although  the  analysis  leading  to  Eqn  (30)  involved  quite  a  few  approxima¬ 
tions,  Grove  and  coworkers  [38-40]  have  shown  that  it  leads  to  reasonable 
results;  they  also  showed  that  if  the  electron  and  hole  capture  cross-sections 
are  not  extremely  different,  the  substitution  of  (crpan)1/2  for  cr,  is  appropriate. 

This  analysis  of  recombination  at  the  Si/Si02  interface  of  MOSFET  pro¬ 
vides  an  approach  to  SDR  investigations  of  integrated  circuit  problems.  If  we 
set  |  Vjl/2 — 0.=^,  the  surface  recombination  current  will  be  maximized;  in 
general  if  V)  is  not  too  large  (I  Vj| <0.4  V),  this  recombination  current  will 
dominate  the  device  current.  By  varying  Vj  we  can  vary  the  range  of  the  band 
gap  energy  of  the  recombination  centers  involved  in  the  process.  By  varying  V) 
we  also  vary  n ,  and p,  over  wide  range.  From  Eqn  (26)  we  can  calculate  ns  and 
Pv 


THE  EXPERIMti'.  SM  DEVICE 


In  our  experiments,  a  MOSFET  is  used  as  a  gate  controlled  diode  [38-40] 
to  study  radiation-induced  paramagnetic  trapping  centers.  The  p-n  junction 
of  the  gated-diode  is  slightly  forward  biased  (Vj<0.3  V),  so  that  changes  in 
the  recombination  current  associated  with  deep  trap  levels  can  be  monitored 
while  their  spin  resonance  condition  is  satisfied.  For  low  forward  biases,  with 
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the  surface  under  the  gate  in  accumulation,  only  those  centers  that  are  within 
the  depletion  region  of  the  p-n  junction  contribute  to  the  recombination  cur¬ 
rent  and  SDR.  If  the  surface  under  the  gate  is  inverted,  centers  within  the 
depletion  region  of  the  field-induced  junction  between  the  inversion  layer  and 
the  underlying  substrate  also  contribute  to  the  total  recombination  current 
and  SDR  (which  are,  therefore,  larger  than  in  accumulation).  In  depletion, 
interface  states  will  provide  another  contribution  to  the  total  recombination 
current,  resulting  in  a  peak  in  the  forward  current  versus  gate  voltage  charac¬ 
teristic.  It  is  the  SDR  spectra  in  depletion  which  we  are  primarily  concerned 
with  in  this  study. 

The  MOSFET’s  used  in  this  study  were  p-channel  with  (100)  substrate  ori¬ 
entation.  Both  moderately  radiation  tolerant  (hard)  and  radiation  intolerant 
(soft  oxides)  were  grown  in  dry  02  at  1000 °C  to  37  mm.  The  soft  oxide  was 
annealed  in  situ  in  N2  for  25  min  at  1000°  C,  while  the  hard  was  annealed  in 
situ  in  N2  for  25  min  at  900°C.  The  n-well  doping  was  1.5- 1016  cm-3  with  a 
well  depth  of  6  fin i.  The  gate  area  of  the  devices  was  10"4  cm2  and  the  p+ 
source  and  drain  dopings  were  3  *  1019  cm-3. 

Experimental  technique 

The  SDR  spectrometer  employed  in  this  study  is  schematically  illustrated 
in  Fig.  3.  The  gated-diode  was  mounted  on  a  rectangular  quartz  rod  and  cen¬ 
tered  inside  an  X-band  TE102  microwave  cavity  with  a  resonant  frequency  of 
~  9.5  GHz.  The  ( 100 )  Si/Si02  interface  of  the  device  was  perpendicular  to  thp 
applied  field.  Care  was  taken  to  minimize  the  microwave  electric  field  at  tbu 


Microwave 


Gate  Generator  Source/Drain 


Fig.3.  Block  diagram  of  the  SDR  spectrometer. 
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device,  since  the  diode  acts  as  a  microwave  detector  generatir  •'ted 

pick-up  current.  The  loaded  cavity  had  a  Q  of  about  5000.  The  mi  tree 

was  a  low  noise  100  mW  X-band  solid  state  oscillator.  The  cavity  'aced 

in  an  electromagnet  ( ~  S500  G )  and  Helmholtz  coils  were  used  for  magnetic 
field  modulation  (audio  frequencies  and  4  Gpp  amplitude ) .  The  microwave  cav¬ 
ity,  microwave  generator,  magnet,  and  controller  were  taken  from  a  Micro- 
Now  Model  8300  ESR  spectrometer. 

The  gated-diode  was  baised  at  a  fixed  gate  and  junction  voltage  while  spin 
dependent  variations  in  the  recombination  current  at  resonance  were  moni¬ 
tored  using  a  current-to-voltage  pre-amplifier  and  lock-in  amplifier  (Ithaco 
Dynatrac  Model  393).  With  continuous  wave  microwave  excitation,  the  mag¬ 
netic  field  was  slowly  ramped  ( —  50  G  in  2  min)  while  the  SDR  signal  was 
cycled  in  and  out  of  resonance  and  monitored  by  the  lock-in  amplifier.  The 
resulting  spectra  are  approximately  the  first  derivative  of  an  “absorption-like” 
curve.  For  g-value  determination  of  the  paramagnetic  recombination  centers, 
a  commercial  NMR  (nuclear  magnetic  resonance)  gaussmeter  (Micro-Now 
Model  515)  was  used  in  conjunction  with  a  frequency  meter. 

DISCUSSION  AND  RESULTS 

Both  the  relatively  hard  and  relatively  soft  devices  were  irradiated  with  “Co 
y-rays  to  a  total  dose  of  5  Mrads.  A  gate  bias  of  +5  V  was  applied  during 
irradiation.  The  effects  of  the  radiation  on  the  electrical  characteristics  of  the 
devices  are  displayed  in  Fig.  4  in  the  form  of  recombination  current  versus  gate 
voltage  for  a  given  forward  bias.  Pre-  and  post-irradiation  curves  are  shown 
for  both  the  hard  and  soft  devices.  The  radiation  generated  interface  states  in 
both  hard  and  soft  devices  have  increased  the  surface  recombination  current 
by  a  factor  of  about  twenty  in  both  cases.  The  increase  in  trapped  positive 


Gate  Voltage  (  V  ) 

Fig.  4.  Pre-irradiation  and  post- irradiation  /-V  curves  for  both  hard  (A  and  C)  and  soft  (B  and 
D)  oxides.  The  post  irradiation  curves  are  C  and  D. 
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charge  in  the  oxide  has  shifted  the  /-V  (current  versus  voltage)  curves  more 
negatively  along  the  voltage  axis.  The  MOSFETs’  electrical  characteristics, 
both  before  and  after  irradiation,  are  summarized  in  Table  1.  Mid-gap  interface 
state  densities  (Dit)  before  irradiation  were  determined  by  the  high-low  C-V 
(capacitance  versus  voltage )  technique  [41  ]  on  test  capacitors  fabricated  with 
the  same  processing  steps  as  the  MOSFETs.  Mid-gap  Dit  after  irradiation  was 
determined  by  the  Terman  technique  [42]  on  the  actual  MOSFETs  used  in 
this  study.  The  post-irradiation  HF  (high  frequency)  C-V  curves  of  the  MOS¬ 
FETs  (source  and  drain  shorted  to  substrate)  are  shown  in  Fig.  5.  The 
“stretchout”  of  these  curves  was  due  entirely  to  interface  states,  and  no  lateral 
charge  nonuniformities  were  present  as  determined  by  a  standard  test  [43]. 

In  irradiated  hard  and  soft  gated  diodes,  we  observe  SDR  spectra  in  accu¬ 
mulation  depletion,  and  inversion  at  low  forward  bias.  (Attempts  to  observe 
SDR  in  either  devices  before  irradiation  failed.  The  limit  of  our  detection  was 
a  variation  AI  in  the  recombination  current  at  resonance  of  approximately 
10" 14  A.)  Spectra,  qualitatively  representative  of  both  types  of  oxides,  are  dis¬ 
played  in  Fig.  6.  In  Fig.  6A,  the  surface  under  the  gate  is  in  accumulation,  so 
only  those  paramagnetic  recombination  centers  in  the  depletion  region  of  the 
p-n  junction  contribute  to  the  SDR  signal.  A  similar  signal  with  a  g-value  of 

TABLE  1 


Summary  of  electrical  characteristics  for  pre-  and  post-irradiated  devices  of  hard  and  soft  oxides 


Pre-irradiation 

Post-irradiation 

Hard 

Soft 

Hard 

Soft 

Mid-gap  Du 
(10“cm-2eV) 

0.3 

0.2 

2.0 

3.5 

from  C-V 

JVmt  (volts) 

- 

- 

-1.6 

-4.8 

Fig.  5.  Post- irradiation  HF  C-V  curves  for  both  hard  and  soft  oxides. 
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h - -  5  G  (Magnetic  Field) 

I  0.1  pA  (A I) 

Fig.  6.  SDR  spectra  for  the  irradiated  hard  device  in:  (A)  accumulation;  (B)  depletion;  (C) 
inversion. 

2.0055  and  a  10  Gpp  width  has  been  observed  by  Solomon  [28]  in  a  depletion 
region  of  an  ordinary  p-n  diode.  In  Fig.  6B,  the  surface  under  the  gate  is  in 
depletion,  so  the  paramagnetic  recombination  centers  at  the  Si/Si02  interface 
generate  most  of  the  SDR  signal.  On  (100)  surfaces  with  process-induced  in¬ 
terface  states,  Poindexter  et  al.  [44]  observed  two  Pb  centers,  termed  Pb0  and 
Pbl.  The  Pto  defect  is  a  silicon  bonded  to  three  other  silicons  at  the  Si/Si02 
interface;  the  structure  of  Pbl  is  not  yet  clearly  established.  In  Fig.  6B,  both 
Pbo  (S— 2.006  ±0.0003)  andE'  (g= 2.0007  ±0.0003)  centers  are  visible  as  in 
previous  ESR  studies  done  by  Kim  and  Lenahan  [27]  on  radiation-induced 
defects  in  (100)  MOS  structures.  Just  as  they  reported,  we  find  that  the  radia¬ 
tion-induced  interface  state  buildup  consists  mostly  of  Pb0  centers.  In  Fig.  6C, 
the  surface  under  the  gate  is  in  inversion,  so  the  paramagnetic  recombination 
centers  within  the  depletion  region  of  the  field-induced  junction  between  the 
inversion  layer  and  the  underlying  substrate  contribute  to  the  SDR  signal. 
This  SDR  signal  (g=2.0055  and  10  Gpp  width)  is  very  much  like  the  resonance 
signal  found  in  the  depletion  region  of  the  p-n  junction  for  accumulation  (but 
larger). 

Semiquantitative  analysis  of  PM  Results 

Recombination  current  (/)  and  the  peak-to-peak  magnitude  of  the  Pb0  cen¬ 
ter’s  SDR  signal  (AI)  versus  gate  bias  are  plotted  in  Figs  7  and  8  where  the 
maximum  AI/I=  ~5*10-‘1  in  both  plots.  Shockly-Read  statistics  [38-40]  for 
nonequilibrium  predict  that  the  recombination  current  should  peak  when 
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0.22 


Gate  Voltage  (  V  )  Gate  Voltage  (  V  ) 

Fig.  7.  (left)  Recombination  current  (/)  and  Pbo  center  SDR  signal  {AI)  versus  gate  voltage  for 
the  hard  device. 


Fig.  8.  (right)  Recombination  current  (I)  and  Pi*  center  SDR  signal  (AI)  versus  gate  voltage  for 
the  soft  device. 


Frequency  (Hz) 

Fig.  9.  Pto  center’s  in-phase  and  out-of-phase  SDR  signals  versus  magnetic  field  modulation 
frequency. 


0s=<fan— <?l  Vj|/2.  Qualitatively,  the  PM  signals  in  both  the  hard  and  the  soft 
oxides  also  peak  in  the  gate  bias  regime  where  surface  recombination  domi¬ 
nates,  as  one  would  expect  for  interface  defects  with  levels  near  mid-gap. 

In  Fig.  9  the  magnetic  field  modulation  frequency  dependence  of  the  Pb0 
center  is  displayed  (where  the  dl’s  are  normalized  to  their  maximum  values). 
Similar  results  were  found  in  both  the  hard  and  soft  oxides.  (The  junction  was 
forward  biased  at  0.2  V;  the  frequency  dependence  varied  little  with  gate  bias 
for  depletion.)  By  using  a  small  sinusoidal  magnetic  field  at  various  frequen¬ 
cies,  the  system  is  driven  in  and  out  of  resonance  about  a  steady  state  value. 
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The  result  being  the  determination  of  an  electronic  relaxation  time  associated 
with  the  rate  limiting  process  at  that  paramagnetic  center.  With  a  dual-phase 
lock-in  amplifier,  both  the  in-phase  and  out-of-phase  SDR  signal  can  be  mon¬ 
itored  for  various  modulation  frequencies.  The  frequency  response  of  a  system 
in  SDR  normalized  to  steady  state  is  [10,13] 

AI=co  isin(<yr)/ (a>2T2+l)+cos(a)T)/(<y2r-t-l)  (31) 

where  co  is  the  angular  modulation  frequency,  r  is  the  electronic  relaxation 
time,  1/(o)2t2+1)  is  the  in-phase  component,  and  cut/ (o>2t2  +  1)  is  the  out- 
of-phase  component.  From  Eqn  (4),  the  electronic  relaxation  times  associated 
with  the  Pb  center  is  0.3  ms.  This  t  should  be  the  average  time  required  for  a 
neutral  paramagnetic  Pbo  center  to  capture  either  an  electron  or  a  hole.  This 
time  is  given  by  the  inverse  of  the  product  of  the  number  of  electrons  or  holes 
times  the  thermal  velocity  (uth)  times  the  capture  cross-section  of  a  trap.  The 
number  of  electrons  and  holes  under  the  gate  at  the  maximum  surface  recom¬ 
bination  rate  is  obtained  by  substituting  Eqn  (28)  into  Eqn  (26);  we  find  that 

T=([Oi  exptqVj^fcDKhCr)-1  (32) 

For  a  forward  bias  of  V}  =  +  0.2  V,  taking  uthsl07  cm-  ’s,  and  <7= 4*  10  “ 16  cm”2, 
we  arrive  at  t=0.3  ms,  the  value  obtained  in  Fig.  9  for  the  Pb0  center’s  modu¬ 
lation  frequency  dependence. 

Qualitative  discussion  of  E'  results 

The  E'  signal  observed  by  standard  ESR  in  MOS  structures  was  shown  to 
be  a  hole  trapped  in  an  oxygen  vacancy  very  near  the  Si/Si02  interface 
[4,24,25,33  ] .  Whether  the  E'  centers  observed  in  SDR  are  associated  with  the 
deep  hole  trap  cannot  be  ascertained  with  absolute  certainty  at  this  time.  What 
is  certain,  though,  is  that  the  E'  center  must  reside  close  enough  to  the  Si/ 
Si02  interface  to  play  some  role  in  an  SDR  event.  In  Fig.  10,  the  Pm  and  E' 
resonances  are  displayed  for  the  hard  and  soft  devices.  Although  the  Pb0  and 
E'  amplitudes  are  roughly  equal  in  the  hard  oxide,  the  E'  signals  are  consid¬ 
erably  smaller  in  the  soft  oxide.  Simple  SDR  theory  indicates  that  only  E' 
centers  which  act  as  recombination  levels  near  mid-gap  could  be  detected;  how¬ 
ever,  it  is  well  established  [45  ]  that  paramagnetic  centers  which  are  relatively 
close  to  one  another  may  exchange  energy  with  one  another  via  a  spin-spin 
interaction.  The  strength  of  the  spin-spin  interaction  is  proportional  to  the 
inverse  cube  of  the  distance  between  the  centers  [45  ] .  It  is  conceivable  that  E' 
centers  near  the  Si/Si02  interface  could  be  detected  via  an  indirect  spin-spin 
interaction. 

Previous  studies  have  investigated  differences  in  radiation  hard  (tolerant) 
andsoft  (intolerant)  oxides  [46-48].  One  recent  study,  involving  annihilation 
of  holes  via  tunneling  [46],  shows  that  quite  substantial  differences  exist  in 
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Fig.  10.  Pto  and  E'  spectra  for  both  hard  and  soft  oxides. 

the  distribution  of  trapped  holes  in  hard  and  soft  oxides.  The  trapped  holes  are 
trapped  very  close  to  the  Si/Si02  interface  in  hard  oxides;  the  trapped  hole 
distribution  extends  well  into  the  oxide  in  softer  devices.  Another  study  in¬ 
volving  XPS  (X-ray  photoeinission  spectroscopy)  revealed  differences  in  the 
amount  of  strain  at  the  Si/Si02  interface  in  hard  and  soft  oxides  [47,48].  The 
results  indicated  that  in  hard  oxides  the  strained  transition  region  was  much 
narrower  than  in  the  soft  oxides. 

Our  results  regarding  E'  must  be  regarded  as  preliminary  at  this  time.  The 
SDR  technique  is  clearly  sensitive  to  E's  presence  in  MOSFETs;  SDR  shows 
they  are  not  present  prior  to  irradiation,  but  are  present  after  irradiation.  SDR 
shows  that  they  are  “close”  to  the  Si/Si02  interface.  The  SDR  results  suggest 
that  the  E'  centers  are  closer  to  the  Si/SiOz  boundary  in  hard  oxides  than  in 
soft  oxides. 

Which  (if  any)  of  the  SDR  models  are  consistent  with  our  results ? 

Our  SDR  results  for  E'  centers  are  clearly  difficult  (at  this  time)  to  reconcile 
in  detail  with  any  of  the  SDR  models  since  earlier  ESR  work  establishes  E'  as 
a  hole  trapped  in  an  oxygen  vacancy  in  the  oxide.  Since  the  distribution  of 
trapped  holes  is  closer  to  the  interface  in  hard  oxides  and  since  the  E'  SDR 
signal  is  larger  in  hard  oxides  we  provisionally  suppose  that  E'  plays  an  indi¬ 
rect  role  in  the  SDR  process  which  probably  involves  a  spin-spin  interaction 
with  unpaired  electrons  at  the  Si/Si02  boundary. 

Our  results  for  Pb  centers  seem  to  be  qualitatively  consistent  with  a  standard 
Shockley-  Read-Hall  picture  of  recombination  events  at  the  Si/Si02  bound- 
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ary.  Since  the  Pb  centers  are  the  dominant  surface  states  and  since  the  density 
of  surface  states  is  low  in  our  devices  ( 10u  cm-2  eV)  it  is  difficult  to  see  how 
any  SDR  model  involving  a  cooperative  interaction  between  several  trapping 
sites  could  be  involved.  Since  the  Pb  centers  are  neutral  when  paramagnetic 
we  are  clearly  not  observing  ESR  at  a  trapped  electron  or  hole  site  as  envi¬ 
sioned  by  Kaplan,  Solomon  and  Mott. 

Our  limited  results  regarding  the  rate  limiting  step  in  P^  SDR  indicate  that 
the  process  involves  the  capture  of  a  charge  carrier  at  a  neutral  Pb0  site;  this  is 
qualitatively  consistent  with  the  Lepine  model;  however,  the  size  of  the  effect 
.d7/7  5*  10“ 4  is  far  too  large  for  the  Lepine  model. 

We  reluctantly  conclude  that  our  results  do  not  seem  to  provide  convincing 
evidence  for  the  validity  of  any  of  the  current  SDR  models.  Our  results  regard¬ 
ing  Pb  centers  do  indicate  that  the  rate  limiting  step  is  the  spin  dependent 
capture  of  a  charge  carrier  at  a  single  neutral  paramagnetic  point  defect. 

CONCLUSIONS 

In  this  study  we  used  SDR  to  observe  the  radiation  induced  buildup  of  Pb0 
and  E'  centers  in  relatively  hard  and  soft  oxide  devices.  The  SDR  technique 
allowed  rapid  detection  of  low  ( « 10“  Pw  cm-2)  densities  of  radiation  induced 
defects  in  individual  MOSFETs  in  integrated  circuits,  where  conventional  ESR 
detection  is  impossible.  Confirming  earlier  studies,  Pw  centers  were  found  to 
play  a  dominant  role  in  surface  recombination,  as  one  would  expect  for  inter¬ 
face  defects  with  levels  near  mid-gap.  The  average  capture  time  of  the  mid-gap 
interface  states  was  found  to  agree  quite  well  with  the  SDR’s  modulation  fre¬ 
quency  dependence  for  the  P^j  center.  Finally,  differences  in  the  magnitude  of 
the  E'  spectra  in  both  the  hard  and  soft  oxides  is  tentatively  attributed  to  E' 
centers  residing,  on  average,  closer  to  the  interface  in  a  hard  oxide. 
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APPENDIX  C 


RELATED  STUDIES 

A.  Radiation  Damage  in  (100)  Silicon  Substrate  Devices 

Earlier  ESR  studies  explored  (1 1 1)  substrate  structures  because  of  the  simplicity  of 
the  ESR  spectron  and  the  relative  ease  of  ESR  detection.  However,  the  (100)  silicon 
substrate  is  utilized  in  virtually  all  MOS  technology.  In  order  to  resolve  questions 
regarding  the  relevance  of  the  (111)  ESR  studies  to  technologically  relevant  structures  we 
have  extensively  explored  irradiated  (100)  substrate  structures  with  ESR.  The  results 
were  recently  (October  1988)  published  in  the  Journal  of  Applied  Physics. 
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We  have  used  electron-spin  resonance  to  investigate  radiation-induced  point  defects  in  Si/Si02 
structures  with  ( 100)  silicon  substrates.  We  find  that  the  radiation-induced  point  defects  are 
quite  similar  to  defects  generated  in  Si/Si02  structures  grown  on  ( 1 1 1)  silicon  substrates.  In 
both  cases,  an  oxygen-deficient  silicon  center,  the  E'  defect,  appears  to  be  responsible  for 
trapped  positive  charge.  In  both  cases,  trivalent  silicon  ( Pb  centers)  defects  are  primarily 
responsible  for  radiation-induced  interface  states.  In  earlier  electron-spin-resonance  studies  of 
unirradiated  ( 100)  substrate  capacitors  two  types  of  Pb  centers  were  observed;  in  oxides 
prepared  in  three  different  ways  only  one  of  these  centers,  the  P  60  defect,  is  generated  in  large 
numbers  by  ionizing  radiation. 


I.  INTRODUCTION 

When  silicon  metal-oxide-semiconductors  (MOS)  field 
effect  transistors  are  exposed  to  ionizing  radiation,  the  irra¬ 
diation  results  in  the  trapping  of  holes  in  the  Si02  and  the 
creation  of  localized  states,  called  interface  states,  at  Si-SiO: 
boundary. 1-7  The  trapping  of  holes  and  the  buildup  of  inter¬ 
face  states  seriously  degrade  the  performance  of  silicon  MOS 
integrated  circuits;  individual  transistois  experience  a  loss  of 
transconductance  and  channel  conductance  as  well  as  shifts 
in  threshold  voltage.  Ionizing  radiation  may  be  encountered 
during  integrated  circuit  fabrication  processes  such  as  elec¬ 
tron-beam  evaporation  of  the  metal  interconnection  layer 
and  vacuum  ultraviolet  (VUV)  lithography.8  Radiation  ef¬ 
fects  are  also  quite  important  in  several  technologically  sig¬ 
nificant  applications,  most  importantly  MOS  integrated  cir¬ 
cuitry  in  satellites. 

During  the  past  dozen  years  numerous  models  have 
been  proposed  to  account  for  the  structure  of  the  point  de¬ 
fects  responsible  for  the  hole  traps  in  the  oxide9'"  and  the 
interface  states.12'25 

Recent  electron-spin-resonance  (ESR)  work  utilizing 
(111)  silicon  substrates  has  resulted  in  considerable  prog¬ 
ress  in  identifying  the  point  defects  which  dominate  the  radi¬ 
ation  damage  process. 2I>"26  These  experiments  have  utilized 
(111)  silicon  substrates  since  they  generally  yield  the  largest 
ESR  signals.  Although  the  electron-spin-resonance  work 
has  led  to  considerable  progress  in  understanding  the  radi¬ 
ation  damage  process,  virtually  all  MOS  integrated  circuitry 
utilizes  the  ( 100)  silicon  substrate.  In  this  paper  we  extend 
the  earlier  ESR  studies  to  the  (100)  silicon  substrates  which 
are  utilized  in  MOS  technology. 

Earlier  ESR  studies  on  (111)  silicon  substraie/oxide 
capacitors  showed  that  a  trivalent  silicon  defect  at  the  Si/ 
Si02  interface,  the  Pb  center,  is  largely  responsible  for  the 


radiation-induced  interface  states.20*25  The  Pb  center  was 
first  observed  by  Nishi16  in  unirradiated  capacitors;  Nishi 
and  his  co-workers16,17  established  that  Pf  s  presence  was 
strongly  correlated  with  interface  state  variations  induced 
by  a  number  of  high-temperature  processing  steps.  Nishi, 
Tanaka,  and  Ohwada17  furthermore  identified  Pb  as  a  triva¬ 
lent  silicon  at  or  near  the  Si/SiO,  interface.  Caplan  et  alf 28 
later  provided  an  ingenious  proof  that  Pb  is  a  silicon  bonded 
to  three  other  silicons  at  the  Si/SiO,  interface.  Poindexter  et 
al .29  additionally  established  that  Pb  spin  lattice  relaxation 
time  is  strongly  dependent  upon  gate  bias,  but  they  were 
unable  to  establish  whether  or  not  the  Pb  center  charge  state 
and  spin  state  are  bias  dependent,  that  is  whether  or  not  the 
Pb  levels  are  themselves  interface  states. 

Lenahan  and  Dressendorfer  2~25  established  that  the  Pb 
center  is  an  amphoteric  interface  state  defect  and  that  its 
levels  in  the  band  gap  closely  much  that  of  the  electronic 
density  of  interface  states  for  ( 1 1 1 )  silicon  substrates.  Their 
ESR  work  on  (111)  silicon  substrates  indicates  that  when 
the  Fermi  level  is  at  midgap  there  is  approximately  zero  net 
charge  in  the  Pb  center  interface  state  defects.22"25  Later, 
Poindexter  et  al?°  also  showed  an  excellent  correspondence 
between  the  interface  state  and  Pb  level  distribution  induced 
by  high-temperature  processing.  If  the  interface  states  are 
mostly  Pb  center  levels,  most  of  the  interface  states  have  zero 
net  charge  when  the  Fermi  level  is  at  midgap;  thus,  the  den¬ 
sity  of  holes  trapped  in  the  oxides  can  be  expressed  by 
C0A  A  Fmg/e,  where  C0A  is  the  oxide  capacitance,  A  Vml  is  the 
shift  in  the  capacitance-voltage  (CV)  curve  for  the  Fermi 
level  at  midgap,  and  e  is  the  electronic  charge. 

Lenahan  and  Dressendorfer’s  work2 1 24"2f’  on  irradiated 
(111)  substrate  capacitors  also  showed  that  a  second  center, 
called  the  E '  center,  is  primarily  responsible  for  the  buildup 
of  positive  charge  in  irradiated  oxides.  They  found  that  the 
densities  of  E'  centers  and  holes  trapped  in  the  oxide  are 
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approximately  equal,2  l,2J'2''  that  the  £'  centers  and  trapped 
holes  have  identical  annealing  characteristics,  and  that  the 
E '  centers  and  trapped  holes  are  identically  distributed  in  the 
oxide.:f  They  also  observed  a  third  resonance  which  they 
ascribed  to  nonbridging  oxygen  and/or  peroxy  centers;  its 
role  in  the  radiation  damage  process  is  not  clear. :I 

Although  very  little  effort  has  been  expended  in  the 
study  of  radiation-induced  centers  in  ( 100)  substrate  capa¬ 
citors,  considerable  progress  has  been  made  in  the  study  of 
centers  induced  by  high-temperature  processing.  Poin¬ 
dexter,  Caplan,  Deal,  and  Razouk, 27,28  studying  unirradiat¬ 
ed  MOS  structures,  identified  two  different  Pb  centers  on 
(100)  Si:  Pb0,  which  has  the  structure  •  Si  =  Si,,  and  is  “che¬ 
mically"  the  same  as  P*  on  (111)  silicon,  and  Pb , ,  which  is 
of  uncertain  identity,  but  is  chemically  and  paramagnetical- 
ly  different  in  nature  from  In  a  later  extensive  study, 
Stesmans  et  al.}]  also  observed  these  two  centers  in  oxides 
prepared  in  a  variety  of  ways.  Poindexter  et  a/.27,28  observed 
a  correlation  between  the  densitv  of  both  processing-induced 
P„0  and  Pb  |  centers  and  the  midgap  interface  state  density  of 
unirradiated  samples  in  oxides  grown  on  the  ( 100)  surface. 
Gerardi,  Poindexter,  and  Caplan22  have  established  that 
both  the  ( 100)  Pb0  and  Pb ,  centers  are  amphoteric  interface 
state  defects  with  levels  broadly  distributed  throughout  the 

gap- 

In  this  paper,  we  present  results  of  a  study  in  which  we 
investigate  the  radiation-induced  trivalent  silicon  centers  in 
MOS  structures  using  a  combination  of  ESR  and  C-K  mea¬ 
surements  to  identify  the  point  defects  involved  in  radiation- 
induced  MOS  device  degradation  In  ( 100)  substrate  MOS 
capacitors  prepared  quite  differently  at  two  laboratories 
(IBM  Federal  Systems  and  Sandia  National  Laboratories) 
we  observe  that  is  primarily  responsible  ioi  radiation- 
induced  interface  states  We  also  investigated  traps  in  the 
oxide  by  measuring  the  density  of  radiation-induced  para¬ 
magnetic  E'  centers  generated  by  hole  trapping  and  quanti¬ 
tatively  evaluating  the  density  of  trapped  charge  from  C-V 
measurements,  utilizing  the  shift  in  the  C-V  curve  corre¬ 
sponding  to  the  Fermi  level  at  midgap.  Our  results  collec¬ 
tively  demonstrate  that  the  radiation  damage  process  on 
( 100)  substrates  devices  is  very  similar  to  the  process  in 
(111)  'ubstrate  devices. 

II.  EXPERIMENTAL  PROCEDURES 

The  samples  utilized  in  the  measurements  were  in  the 
form  of4X  30-mm  bars  cut  with  (01 1 )  long  sides  from  100- 
mm  silicon  wafers  (  p-type,  p - ' '  100  fl  cm)  with  ( 100) 
surface  orientation.  Three  different  sets  of  oxides  were  pre¬ 
pared  to  examine  the  general  radiation  iesponse  of  oxides 
grown  on  (100)  Si  substrates  The  first  set  of  oxides  was 
grown  in  a  sequence  of  dry /wet/dry  oxygen  ambients  at 
1000  °C  to  a  thickness  of  1000  A  A  "econd  set  of  oxides  was 
grown  in  a  sequence  of  dry/wet/dry  oxygen  ambients  at  a 
temperature  of  1000 'C  to.’ thicknes  if  approximately  1240 
A  and  annealed  in  N-,  at  1 140  'C  for  720  min.  After  oxide 

*  o 

growth,  approximately  200  A  of  A1  was  evaporated  on  the 
surfaces.  A  third  set  of  oxides  was  grown  in  steam  at  900  °C 
to  a  thickness  of  1000  A  After  oxide  growth  approximately 
0.6  pm  of  polysilicon  was  deposited  on  the  oxide  surfaces. 
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FIG  1  Pre-  and  post-irraduiion  wide  .v-an  ESR  spears  of  i  lUCj  Si.  SiO. 
structures  illustrating  both  Ph„  and  E'  resonances  The  E'  resonance  is 
somewhat  saturated  and  overmodulated  The  magnetic  field  is  perpendicu¬ 
lar  to  the  plane  of  the  ( 100)  Si/SiO;  interface. 


The  ESR  measurements  were  made  using  an  IBM  In¬ 
struments  ER-200  spectrometer  with  a  TEI(>4  “double"  un¬ 
ity.  The  spin  concentrations  were  calculated  by  comparison 
of  unsaturated  absorption  spectra  with  the  spectrum  of  a 
calibrated  weak-pitch  standard.  The  substrate  edges  were 
etched  to  eliminate  any  resonance  signals  from  damage  at 
the  edges  of  the  samples.  High-frequency  C-V  (1  MHz) 
measurements  were  made  using  a  mercury  probe.  We  esti¬ 
mate  that  the  absolute  spin  concentration  measurements  of 
Pb  and  E'  are  accurate  to  somewhat  better  than  a  factor  of  2; 
the  relative  spin  concentrations  are  much  more  accurately 
determined  (  ^  10%).  We  estimate  electrical  measure¬ 
ments  ( C-V )  reported  in  this  work  'o  be  accurate  to  about 
±  10%. 

III.  EXPERIMENTAL  RESULTS 

In  Fig.  1  we  show  ESR  spectra  of  ( 100)  silicon  substrate 
MOS  capacitors  (A)  before  and  (B)  after  exposure  to  ap¬ 
proximately  6  Mrad  (Si)  of  N,Co  y  irradiation.  The  oxides 
were  grown  in  dry/wet/dry  oxygen  ambients  at  10006C  to  a 
thickness  of  1240  A  and  were  subjected  to  a  nitrogen  anneal 
at  1 140  °C  for  720  min.  During  the  irradiation  the  1240-A 
oxides  were  under  a  positive  gate  bias  of  24  V.  The  aluminum 
gate  was  removed  prior  to  ESR  measurement.  The 
spectrometer  settings  of  Fig.  1  are  not  optimized  for  either 
Pb  or  E '  but  represent  a  compromise  so  that  both  are  clearly 
visible.  In  Fig.  2  we  illustrate  capacitance-versus-voltage 
curves  from  these  capacitors  (A)  before  and  tB)  after  the 
irradiation.  These  traces  qualitatively  indicate  our  essential 
observations.  We  find  substantial  generation  of  Ph0  and  £’ 
centers  in  ( 100)  substrates  subjected  to  ionizing  radiation. 
The  generation  of  Pb0  and  £ '  centers  accompanies  the  gener¬ 
ation  of  positive  charge  in  the  oxide  and  mtetface  states  at 
the  Si/SiO:  interface. 

In  this  paper,  we  present  an  extensive  study  which  indi¬ 
cates  that  the  P bt)  centers  are  primarily  responsible  for  the 
interface  state  generation  and  that  the  £  ’  centers  are  primar¬ 
ily  responsible  for  the  hole  trapping. 
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FIG.  2.  High-frequency  C-f  curves  (A)  before  and  (B)  after  exposure  to 
approximately  6  Mrad  (Si)  of  N’Co  y  irradiation. 


A.  Radiation-induced  interface  state  defects 

Several  samples  of  all  three  varieties  of  MOS  capacitors 
were  subjected  to  approximately  6  Mrad  (Si)  of  “Co  y  irra¬ 
diation  with  positive  gate  potential  corresponding  to  an 
average  oxide  field  of  1  MV/cm.  After  irradiation,  the  gates 
were  removed  and  the  samples  were  subjected  to  sub-SiO, 
band-gap  (hc/A<5.5  eV)  illumination  from  a  xenon-mer¬ 
cury  lamp.  This  illumination  results  in  the  internal  photoe¬ 
mission  of  electrons  from  the  silicon  into  the  oxide.  The  pho- 
toemitted  electrons  recombine  with  the  trapped  holes, 
thereby  annihilating  the  E '  resonance  which  would  other¬ 
wise  interfere  somewhat  with  our  ESR  measurements  of  Pb 
centers.33-34 

Three  ESR  spectra,  one  for  each  variety  of  oxide,  are 
illustrated  in  Fig  3.  In  each  case  the  trace  was  taken  with 
magnetic  field  perpendicular  to  the  ( 100)  surface.  In  all  ox¬ 
ides  we  observe  a  single  strong  resonance  at  g  =  2.0059. 
(Prior  to  the  subband  gap  illumination  we  would  also  ob¬ 
serve  a  very  strong  E'  resonance  atg  =  2.0005.)  Theg  factor 
is  defined  by  the  expression  g  =  hv/PH  where  h  is  Planrk's 
constant,  v  is  the  microwave  frequency,  p  is  the  Bohr  mag¬ 
neton,  and  H  is  the  magnetic  field  at  which  resonance  oc¬ 
curs.  The  anisotropy  of  the  g  factor  is  generally  summarized 
in  the  form  of  a  second-rank  tensor.  According  to  Poin¬ 
dexter  et  a/.3*  the  Pb0  center  is  a  silicon  bonded  to  three  other 
silicons  at  the  ( 100)  surface.  This  is  chemically  identical  to 
the  Pb  center  found  on  ( 1 1 1 )  substrates.  We  would  expect 
that  these  Pb(t  silicon  dangling-bond  centers  would  have  ap¬ 
proximately  the  same  g  tensor  as  the  (111)  centers,  and 
would  expect  that  the  symmetry  axis  would  also  correspond 
to  the  direction  in  which  the  "dangling  bond"  points  into  the 
oxide.  One  would  thus  expect  a  g  tensor  with  axial  sy  mmetry 
about  the  [111]  axis,  and  g  tensor  elements  gt<  =  2.00 1 5  and 
g,  *  2.008.  With  the  magnetic  field  perpendicular  to  the 
( 100)  surface,  this  g  tensor  yields  g  =  2.0059.  precisely  the 
value  we  observe.  According  to  Poindexter  et  air’1  theg  val¬ 


FIG.  3.  ESR  spectra  of  three  different  thermally  grown  oxides  on  ( 100) 
silicon  substrates  subjected  to  (a)  5.7  Mrad  under  a  +  20-V  gate  bias,  (b) 
6.6  Mrad  under  a  +  10-V  gate  bias,  and  (c)  10  Mrad  under  a  +  24-V  gate 
bias  of  "’Co  y  irradiation.  Oxide  (a)  was  grown  in  a  sequence  of  dry/wet/ 
dry  oxygen  ambients  at  1000 'C  to  a  thickness  of  1000  A;  oxide  (b)  was 
grown  in  a  sequence  of  dry/wet/dry  oxygen  ambients  at  1000  *C  to  a  thick¬ 
ness  of  1240  A  and  annealed  in  N:  at  1 140  *C Tor  720  min:  oxide  (c)  was 
grown  in  steam  at  900  *C  to  a  thickness  of  1000  A.  The  magnetic  field  is 
perpendicular  to  the  (100)  surface. 


ue  anticipated  for  Pbl  at  this  orientation  would  be 
g  =  2.0033.  We  observe  a  very  weak  resonance  at  g 
=  2.0033,  presumably  this  is  due  to  a  very  much  smaller 
concentration  of  />„,  centers.  Thus  the  results  of  Fig.  3 
strongly  suggest  that  the  Pb  o  center  is  the  dominant  radi¬ 
ation-induced  point  defect  at  the  ( 100)  interface,  at  least  for 
the  three  oxides  evaluated  in  this  experiment. 

In  order  to  more  convincingly  establish  whether  or  not 
this  resonance  is  the  PbO  center,  we  have  measured  the  g 
values  as  a  function  of  sample  orientation.  The  results  are 
illustrated  in  Fig.  4.  Irradiated  oxides  were  rotated  about  the 
[Oil]  axis  with  the  magnetic  field  rotated  from  perpendicu¬ 
lar  to  parallel  to  the  ( 100)  crystal  face.  Since  several  orienta¬ 
tions  of  Pb o  are  possible  on  a  single  surface,  the  resonance 
splits  into  several  lines  as  the  sample  is  rotated.  The  solid 
lines  of  the  figure  represent  a  plot  of  g  values  utilizing  g(l 
=  2.00 1 5  and  gt  =  2.008,  where  theg(1  value  corresponds  to 
the  [111]  axes.  (In  order  to  clearly  define  the  g  values  we 
utilized  a  second  derivative  technique35  36  in  this  mapping 
study.)  Our  results  clearly  demonstrate  the  presence  of  the 
Pb  o  center  in  these  irradiated  Si/SiO;  structures. 

As  mentioned  earlier,  Lenahan  and  Dressendorfer33'3* 
demonstrated  that  the  P„  center  [on  (Ill)  silicon  sub¬ 
strates]  is  an  amphoteric  interface  state  with  levels  widely 
distributed  throughout  the  gap.  Gerardi,  Poindexter,  and 
Caplan13  later  found  nearly  identical  behavior  for  the  P„u 
center  generated  by  high-temperature  processing.  We  have 
determined  the  behavior  of  radiation-induced  P„„  centers  as 
a  function  of  oxide  bias  in  a  manner  quite  similar  to  that  of 
Lenahan  and  Dressendorfer33"3'  and  Gerardi  and  co¬ 
workers.'3 
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FIG.  4.  ESR  g-value  anisotropy  map  for  Ph0  centers  on  <  100)  silicon  sub¬ 
strates  at  different  values  of  angle  for  rotation  of  the  magnetic  field  in  the 
(Oil)  plane.  The  solid  lines  are  given  by  the  relation  g- 1  =  gj  cos!  8  +  gi 
sin:tfwithgB  =2.0015, g,  =  2.008.  where  6  is  the  angle  between  the  mag¬ 
netic  field  and  the  [111)  directions.  The  abscissa  (<t)  in  the  figure  is  the 
angle  between  the  magnetic  field  and  the  ( 100)  direction. 


To  determine  Pb0  population  as  a  function  of  Fermi  lev¬ 
el  at  the  interface,  a  potential  was  applied  to  irradiated  bare 
oxide  Si/SiO,  structures  utilizing  a  corona-discharge  appa¬ 
ratus.37  This  potential  was  measured  with  a  commercial  Kel¬ 
vin  probe  electrostatic  voltmeter  (Monroe  170).  The 
charged  bare  oxide  structures  were  placed  in  the  TE  l04  “dou¬ 
ble"  cavity  of  an  IBM  Instruments  ER-200  spectrometer. 
The  spin  concentrations  were  calculated  by  comparison  of 
unsaturated  absorption  spectra  with  the  spectrum  of  a  cali¬ 
brated  weak-pitch  standard.  We  obtained  the  position  of  the 
Fermi  level  at  the  interface  from  a  high-frequency  C-  V  mea¬ 
surement.  Results  of  both  measurements  are  illustrated  in 
Fig.  5.  Apparently,  most  of  the  change  in  signal  occurs 


FIG.  5.  Density  of  radiation-induced  Ph0  centers  as  a  function  of  bias.  The 
relative  spin  concentrations  are  accurate  to  about  ±  10%;  however,  abso¬ 
lute  spin  concentration  may  be  in  error  by  up  to  a  factor  of  2.  The  inset 
shows  high-frequency  capacitance  vs  voltage  measurements  on  y-irradiated 
(6  6  Mrad)  oxide  after  ultraviolet  illumination  (/ic/ziv. 5  5  eV). 
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FIG.  6.  Population  of  paramagnetic  Ao  centers  vs  Fermi  level.  Results 
were  obtained  from  the  data  of  Fig.  5. 


in  the  range  of  bias  in  which  the  Fermi  level  sweeps  through 
most  of  the  forbidden  gap  at  the  interface.  The  distribution 
of  paramagnetic  Pb0  versus  the  position  of  the  Fermi  level  at 
the  interface  is  shown  in  Fig.  6.  The  distribution  of  paramag¬ 
netic  P»o  centers  is  broadly  peaked  around  midgap.  As  the 
Fermi  level  moves  from  near  the  valence-band  edge  towards 
midgap,  the  positively  charged  ^60  centers  accept  an  elec¬ 
tron  and  become  paramagnetic  and  neutral.  As  the  Fermi 
level  moves  from  the  vicinity  of  midgap  towards  the  conduc¬ 
tion-band  edge,  the  Pb0  center  picks  up  another  electron, 
becoming  negatively  charged  and  again  diamagnetic.  In  the 
lower  part  of  the  gap  PbO  is  a  donorlike  center;  in  the  upper 
part  of  the  band  gap  PbO  is  an  acceptorlike  center.  The  PbO 
center  is  paramagnetic  only  when  it  has  an  unpaired  spin 
(one  electron ) ,  the  paramagnetic  PbO  center  is  converted  to 
a  diamagnetic  state  by  either  donating  or  accepting  an  elec¬ 
tron.  Our  biasing  results  with  regard  to  the  radiation-in¬ 
duced  Pb o  are  thus  similar  to  the  results  of  Lenahan  and 
Dressendorfer22"25  on  the  ( 1 1 1 )  substrate  Pb  and  are  also 
quite  similar  to  the  more  recent  observation  of  Gerardi  and 
co-workers32  on  PbO  centers  generated  by  high-temperature 
processing.  The  results  indicate  that  radiation-induced  Pb0 
defects  are  amphoteric  interface  states  with  levels  widely  dis¬ 
tributed  throughout  the  band  gap. 

In  Fig.  7,  we  plot  the  average  density  of  interface  states 
in  the  middle  half  of  the  band  gap  versus  the  density  of  para¬ 
magnetic  P bO  centers  generated  by  different  radiation  dose 
of  MCo  y  irradiation  under  positive  bias  (  +  24  V).  We  cal¬ 
culate  the  interface  state  density  from  high-frequency  ( 1 
MHz)  C-V  measurements  using  the  Terman  technique.311 
The  value  for  D„  represents  the  average  over  the  middle  half 
of  the  band  gap,  which  is  thus  somewhat  arbitrary;  it  is  likely 
proportional  to,  but  only  approximately  equal  to,  the  total 
number  of  radiation-induced  interface  states.  The  Pb0 
centers  and  interface  states  in  the  middle  half  of  the  band  gap 
are  generated  in  approximately  equai  numbers.  Since  the 
Pb0  centers  are  amphoteric  interface  state  defects  with  levels 
broadly  distributed  throughout  the  band  gap,  we  conclude 
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FIG.  7.  Density  of  radiation-induced  P„0  centers  vs  mid-half-band-gap  in¬ 
terface  state  density  in  MOS  devices  subjected  to  "'Co  y  irradiation. 


the  Pb o  is  the  dominant  interface  state  generated  by  the  irra¬ 
diation. 

We  subjected  irradiated  ( 100)  Si/Si02  structures  to  a 
sequence  of  1-h  anneals  in  air.  The  radiation-induced  PbO 
and  Dt,  plotted  versus  isochronal  annealing  temperature  is 
illustrated  in  Fig.  8.  This  figure  shows  that  radiation-in¬ 
duced  Pb o  density  has  essentially  the  same  annealing  charac¬ 
teristics  as  radiation-induced  interface  state  density,  again 
strongly  indicating  that  the  PbO  centers  are  primarily  re¬ 
sponsible  for  the  radiation-induced  interface  states. 

Summarizing  our  interface  center  results,  we  find  that 
^0  centers  are  generated  in  numbers  approximately  equal 
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FIG  8.  Plot  of  remaining  fractions  of  P„b  and  D„  as  a  function  of  1  h  iso¬ 
chronal  annealing  temperature. 


to  that  of  the  radiation-induced  interface  states,  and  that 
these  P bo  centers  have  the  same  annealing  behavior  as  the 
radiation-induced  interface  states.  Since  the  P(>0  centers  are 
amphoteric  interface  state  defects  we  conclude  that  they  are 
primarily  responsible  for  radiation-induced  interface  states. 
Although  we  have  studied  only  three  different  sets  of  pro¬ 
cessing  stq>s,  the  fact  that  we  observe  an  overwhelming  pre¬ 
ponderance  of  the  PbQ  centers  in  all  three  suggests  that  the 
A>o  center  is  primarily  responsible  for  the  radiation-induced 
interfac  states. 

B.  Hole  traps  in  the  oxide  and  E'  centers 

Earlier  ESR  studies  (111)  silicon  substrate  MOS  struc¬ 
ture  have  established  that  E'  centers  are  primarily  responsi¬ 
ble  for  the  positive  charge  buildup.21,34-36  Although  one 
might  naively  anticipate  that  the  deep  hole  trapping  centers 
would  be  unaffected  by  the  silicon  surface  orientation,  it  has 
been  suggested  that  this  is  not  the  case.39 

We  have  investigated  E '  centers  in  A1  gate  MOS  devices 
subjected  to  approximately  6  Mrad  (Si)  of  60Co>' irradiation 
under  +  24-V  gate  bias.  The  oxides  were  grown  in  dry /wet/ 
dry  oxygen  ambients  at  1000  *C  to  a  thickness  of  1240  A  and 
were  then  annealed  in  nitrogen  at  1 140  *C  for  720  min.  The 
high-temperature  nitrogen  anneal  renders  the  oxide  relative¬ 
ly  radiation  intolerant.  We  have  explored  E '  centers  in  these 
oxides  with  a  combination  of  ESR,  C-V,  optical  irradiation, 
and  annealing  experiments  in  order  to  identify  the  role  of  £' 
in  hole  trapping. 

In  Fig.  9(a)  a  narrow  ESR  scan  illustrates  an  E'  reso¬ 
nance  in  a  ( 100)  substrate  MOS  capacitor  irradiated  to  ap¬ 
proximately  6  Mrad  under  positive  bias  (  +  1  MV/cm).  In 
Fig.  S  (b)  a  preirradiation  trace  is  shown.  The  resonance  line 
shape,  width,  and  g  value  are  all  virtually  identical  to  those  of 
E'  centers  observed  earlier  on  (111)  substrate  struc¬ 
tures.34-36  Furthermore,  the  line  shape  is  quite  similar  to  the 
"powder  pattern"  one  would  anticipate  if  these  centers  were 
randomly  oriented  defects  with  structure  identical  to  that  of 
E'  centers  in  irradiated  crystalline  quartz.40 

In  Fig.  10  we  compare  the  concentration  of  radiation- 
induced  E'  centers  to  the  concentration  of  holes  trapped  in 


FIG.  9.  ESR  spectra,  (a)  Post-irradiation  exposed  to  6.6  Mrad  and  (b) 
prcirradialion.  The  sample  gates  were  biased  to  +  10  V  during  the  irradia¬ 
tion. 
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FIG.  10.  Density  of  £'  and  C„,  A  Fm>/«  vs  irradiation  dose  for  MOS  struc¬ 
tures  with  oxides  grown  on  ( 100)  silicon  substrates. 


the  oxide.  In  order  to  compute  trapped  hole  concentration 
we  measured  the  C-  Fcurve  shift  corresponding  to  the  Fermi 
level  at  midgap  AFmg  and  multiplied  it  by  the  ratio  of  oxide 
capacitance  (Cox)  to  electronic  charge  (ColAFmg/e).  Since 
the  ■^60  interface  state  centers  are  electrically  neutral  when 
the  Fermi  level  is  at  midgap,  the  midgap  C-V shift  should 
accurately  represent  space  charge  in  the  oxide.24,35  Our  re¬ 
sults  clearly  indicate  that  the  number  of  E '  centers  and  the 
number  of  trapped  holes  are  approximately  equal. 

In  Fig.  1 1  we  investigate  the  annihilation  of  E'  centers 
and  trapped  positive  charges  by  illuminating  irradiated  Si/ 
SiO:  structures  with  ultraviolet  light  (hc/A<, 5.5  eV).  The 
gates  were  etched  off  the  1240- A  oxides  which  had  earlier 
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FIG.  1 1.  Plot  of  remaining  fractions  of  £'  and  Al'„,t  as  a  function  of  UV 
illumination. 
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FIG  12.  Plot  of  remaining  fractions  of  E '  and  A  V„t  as  a  function  of  isochro¬ 
nal  annealing  ( I  h  in  air)  temperature. 


been  irradiated  to  approximately  6  Mrad  with  a  +  24-V  gate 
bias.  The  UV  irradiation  results  in  the  internal  photoemis¬ 
sion  of  electrons  into  the  oxide.33,34  The  photoinjected  elec¬ 
trons  annihilate  the  trapped  positive  charges.  As  the  figure 
clearly  shows,  the  annihilation  of  positive  charge  is  accom¬ 
panied  by  the  elimination  of  E '  centers. 

In  Fig.  1 2  we  present  the  results  of  a  sequence  of  isochro¬ 
nal  anneals  on  both  the  positive  charge  in  the  oxide  (percen¬ 
tage  of  A  Fmg )  and  E '  concentration.  As  the  figure  shows,  the 
annealing  characteristics  of  E '  and  positive  charge  are,  with¬ 
in  experimental  error,  identical. 

Summarizing  our  hole  trap  results,  we  find  that  E' 
centers  are  generated  in  numbers  approximately  equal  to  the 
number  of  holes  trapped  in  the  oxides,  the  trapped  holes  and 
E'  centers  have  identical  annealing  characteristics  and  are 
identically  annihilated  by  the  photoemission  of  electrons 
into  the  oxide.  Our  results  for  the  E'  centers  are  thus  com¬ 
pletely  consistent  with  earlier  results  of  studies  involving 
(111)  substrate  MOS  capacitors.  Apparently,  the  £'  center 
is  the  dominant  deep  hole  trap  in  thermal  oxides  on  both 
( 100)  and  (111)  silicon  substrates. 

IV.  DISCUSSION 

One  of  the  great  mysteries  of  the  radiation  damage  phe¬ 
nomena  is  the  mechanism  by  which  positive  charge  in  the 
oxide  creates  interface  states.  Winokur  et  have  ex¬ 

tensively  characterized  the  effects  of  oxide  field  and  tem¬ 
perature  upon  both  the  rate  and  final  density  of  radiation- 
induced  interface  states.  Winokur  et  a/.5  have  proposed  that 
the  damage  process  involves  some  sort  of  interaction  of  the 
hole  in  the  oxide  which  creates  a  species  ( perhaps  hydrogen ) 
which  then  drifts  to  the  Si/SiO:  interface  creating  a  silicon 
dangling  bond  (Ph  center).  Lyon  and  co-workers44~)t’  have 
attempted  to  link  the  trapped  hole  to  the  process  which  leads 
to  the  eventual  creation  of  the  interface  states.  Grunthaner  et 
a/.41-1'’  have  proposed  a  complex  stress-related  bond-break¬ 
ing  process  at  the  site  of  hole  capture  which  eventually  leads 
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to  a  creation  of  the  interface  states.  Zekeriya  and  Ma'°  have 
provided  experimental  evidence  which  suggests  that  stress 
may  indeed  play  a  role  in  the  process. 

Our  study  may  provide  some  insight  into  the  interface 
state  creation  process.  Poindexter  et  al.'*  were  able  to  ob¬ 
serve  two  kinds  of  interface  defects  ( Pb0  and  Pb])  in  their 
studies  of  high-temperature  processing  variations.  Our  re¬ 
sults,  although  they  involve  only  three  kinds  of  oxides,  sug¬ 
gest  that  a  single  center,  Pb0,  is  largely  responsible  for  the 
radiation-induced  interface  state  defects.  The  mechanism 
which  creates  dangling  bonds  at  the  interface  is  far  more 
capable  of  creating  Pb 0  centers  than  Pb ,  centers.  Our  obser¬ 
vation  regarding  the  preponderance  of  Pb0  centers  and  al¬ 
most  complete  absence  of  Pb]  may  be  useful  in  evaluating 
detailed  models  of  interface  state  formation. 


V.  CONCLUSIONS 

We  find  that  the  PbO  center  appears  to  be  primarily  re¬ 
sponsible  for  radiation-induced  interface  states  in  Si/SiO; 
structures  on  ( 100)  silicon  substrates.  We  also  find  that  the 
E '  spectrum  on  ( 100)  silicon  substrates  is  virtually  identical 
to  the  quartz  £'  powder  pattern  and  the  spectrum  observed 
in  oxides  grown  on  ( 1 1 1 )  silicon  substrates.  We  find  that  E ' 
centers  are  largely  responsible  for  trapped  positive  charges 
in  ( 100)  silicon  substrate  oxides.  Our  results  for  ( 100)  sub¬ 
strate  oxides  demonstrate  that  the  earlier  results  obtained  on 
(111)  substrate  devices2**"25  are  generally  valid,  essentially 
the  same  defects  are  responsible  for  the  radiation  damage 
process  in  both  cases. 
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B.  Fundamental  Nature  of  the  Deep  Hole  Trap 

We  use  ultraviolet  irradiations,  alternately  flooding  MOS  oxides  with  holes  and 
electrons,  to  explore  the  fundamental  nature  of  the  (E')  deep  hole  trap.  The  results  were 
published  in  the  December  1987  issue  of  IEEE  Transactions  on  Nuclear  Science. 
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ABSTRACT 

We  have  Investigated  hole  and  electron 
trapping  events  at  E'  deep  hole  traps  In 
netal-oxide-semiconductor  oxides.  Using  a 
sequence  of  ultraviolet  Irradiations,  electron 
spin  resonance  measurements,  and  capacitance 
versus  voltage  measurements,  we  have  obtained 
results  which  are  completely  consistent  with  a 
simple  oxygen  vacancy  model  for  the  hole  trap. 
However,  our  results  are  inconsistent  with  the 
bond  strain  gradient  model  proposed  by  Grunthaner 
et  al. 

INTRODUCTION 

In  1964  Hughes  and  Giroux  Cl]  found  that 
Ionizing  radiation  can  be  severely  damaging  to 
metal-oxlde-silicon  (MOS)  field  effect 
transistors  (MOSFETS).  Over  the  past  twenty 
years  It  has  been  well  established  that  the 
radiation  damage  process  results  In  the  creation 
of  interface  states  at  the  Si-SlOj  Interface 
C 2— 1 1 3 .  The  creation  of  Interface  states  and  the 
buildup  of  positive  charge  due  to  ionizing 
radiation  causes  a  reduction  of  transconductance 
and  channel  conductance  and  also  causes  threshold 
voltage  shifts.  The  technological  significance 
of  the  problem  has  stimulated  intense  study. 

Many  models  have  been  formulated  to  describe  the 
chemical  structure  of  the  point  defects 
responsible  for  the  hole  traps  In  the  oxide 
[12-14]  and  the  Interface  states  [13-26].  It  has 
been  established  .that  the  radiation  induced 
Interface  states  are  primarllly  caused  by  the 
presence  of  a  center  at  the  Sl-SlOj  interface 
called  the  Pb  defect.  Nishl  et  al.  [27]  rirst 
saw  the  Pb  electron  spin  resonance  (ESR)  signal 
In  unirradiated  oxides  and  proposed  that  the  ?b 
defect  was  a  tri valent  silicon  center  at  or  near 
the  S1-S102  Interface.  Later  Caplan  et  al.  [28] 
followed  with  experimental  evidence  that  proved 
that  the  Pb  defect  was  a  trlvalent  silicon  bonded 
to  three  other  silicon  atoms  with  an  unsatisfied 
bond.  Recently,  Lenahan  and  Dressendorfer  [24] 
have  found  the  Pb  center  to  be  an  amphoteric 
Interface  3tate  defect  and  also  have  3hown  that 
the  density  of  radiation  Induced  Interface  state 
defects  equaled  the  number  of  Pb  defect's  [25,26]. 

Although  the  structure  of  the  Pb  defect  Is 
fairly  well  established,  there  are  still 
questions  regarding  the  defect  responsible  for 
trapping  holes.  Lenahan  and  Dressendorfer  have 
also  found  that  an  oxysen  deficient  silicon 
defect  In  the  oxide,  termed  the  E'  center 
[27,30-32]  is  tne  ceep  hole  trap.  Among  the 
various  models  proposed  to  account  for  the 
radiation  Induced  hole  trap,  two  have  emerged  a3 
the  most  popular.  One  point  of  view  is  that  the 
entire  radiation  damage  process  Is  Initiated  by  a 
bond  breaking  event  at  the  site  of  hole  capture. 
Grunthaner  and  co-workers  have  proposed  two 
variations  of  what  they  term  the  bond  strain 
gradient  (BSG)  model  [33*36].  In  both  variations 
the  radiation  damage  process  Is  Initiated  by  the 
capture  of  a  hole  at  the  site  of  a  3trained 


silicon-oxygen  bond.  In  both  cases  the 
subsequent  capture  of  an  electron  at  the  hole 
trap  site  leads  to  a  complex  rearrangement 
process  culminating  In  the  creation  cf  a  Pb 
center  Interface  state  defect  at  the  Sl-SlOj 
boundary.  Another  prominent  point  of  view 
proposed  by  Deal  [17],  Johnson  [13],  and  Woods 
and  Williams  [37],  suggests  that  the  hole  trap  is 
simply  an  oxygen  vacancy.  In  an  oxygen  vacancy 
model,  an  oxygen  deficient  Sl-Sl  site  would 
capture  a  hole  leaving  behind  an  unpaired 
electron  residing  primarily  In  an  sp  hybridized 
orbltral  on  one  of  the  silicon  atoms.  The 
unpaired  electron  on  the  silicon  atom  would  be 
paramagnetic  and  ESR  detectable. 

RESULTS  AND  DISCUSSION 

In  our  experiments  we  subjected  MOS  devices 
to  a  series  of  ultraviolet  (UV)  Irradiations  to 
distinguish  between  the  two  most  commonly  held 
views  of  the  hole  trap.  The  samples  utilized  In 
measurements  reported  In  this  paper  were  all  In 
the  form  of  4  x  30  mm  bars  of  lightly  doped 
(p-100  ohm-cm)  thermally  oxidized  (111)  silicon 
substrates  with  semitransparent  metal  gates.  We 
used  3500  A  thick  oxides  on  n-type  substrates  and 
1000  A  thick  oxides  on  p-type  substrates.  Both 
oxides  were  grown  in  a  sequence  of  dry 
oxygen-steam-dry  oxygen  ambients  at  a 
temperatuare  of  1000°  C.  The  3500  A  thick  oxides 
had  3 puttered  palladium  gates  of  150  A.  The  1000 
A  thick  oxides  had  evaporated  aluminum  gales  of 
200  A.  We  found  that  both  oxides  gave 
qualitatively  very  similar  results.  Thus,  we 
present  only  the. results  obtained  rrora  the  3500  A 
samples. 

With  the  3500  A  thick  oxides  we  first 
subjected  the  devices  to  a  forty-five  minute 
irradiation  In  a  vacuum  ultraviolet  (VUV)  system 
with  a  positive  gate  bias.  In  this  Irradiation 
VUV  light  (hc/A>10  eV)  from  a  50  watt  McPherson 
model  632  deuterium  source  with  a  LiF  window 
penetrates  through  the  semitransparent  gate  and 
is  absorbed  In  the  top  100  A  of  the  oxide, 
creating  electron-hole  palr3.  The  deuterium 
source  provides  a  very  sharp  emission  line  at 
10.2  eV.  With  an  absorption  depth  of  100  A  into 
the  oxide  for  hc/A>10  eV,  virtually  no  light 
reaches  the  Sl-SlOj  interface.  As  shown  in 
Figure  1,  by  applying  a  bias  of  35  volts  to  the 
gate,  we  drive  holes  to  the  deep  oxide  traps  ( E * 
centers)  near  the  S1-S102  interface  [5,8]  while 
the  electrons  are  swept  out  the  gate.  After  VUV 
Irradiation  the  semitransparent  gates  were 
rs.?.ovsd  to  facilitate  £3P,  seas orern eats.  All  £SR 
measurements  were  made  using  an  IBM  instruments 
ER  200  X-band  electron  spin  resonance 
spectrometer.  After  the  Initial  VUV  Irradiation 
under  bias,  the  devices  were  subjected  to  a 
second  UV  irradiation  of  sub  SIO2  band  gap 
Illumination  from  a  4  watt  xer, on-mercury  lamp 
(rc/l<5.5  eV).  In  this  Illumination  there  are 
e :  se.itlally  no  photons  incident  on  the  samples 
(i.e.  hc/l>8.3  eV,  the  bandgap  of  SIO2)  wnicn 
will  be  absorbed  by  the  S1O2.  Thu3  the  second 


54 


irradiation  causes  photons  to  pass  through  the 
S102  and  into  the  Si  resulting  in  the  internal 
pnotoemission  of  electrons  from  the  Si  into  the 
SlOj  where  they  are  then  trapped  at  the 
positively  charged  E'  sites.  Figure  2 
illustrates  the  internal  photoeraisslon  of 
electrons  from  the  silicon  into  the  oxide. 


Figure  1  This  figure  shows  a  band  diagram  in 
which  electron-hole  pairs  are  created 
by  the  VUV  photons.  With  a  strong 
positive  bias  applied  the  holes  drift 
toward  the  interface  and  are  trapped  at 
£'  center  hole  traps. 


Si — j — Si02 - j 


Figure  2  This  is  a  band  diagram  showing  the 

second  UV  illumination  (hc/K5.5  eV) 
and  internal  photoemlsslon  of  electrons. 
This  figure  illustrates  that  electrons 
are  injected  into  the  silicon  dioxide. 

The  electrical  and  ESF.  results  of  both 
irradiations  are  shown  in  Figures  3  and  ».  In 
Figure  3a,  the  preirradiation  capacitance  versus 
voltage  (CV)  curve  Indicates  almost  no  surface 
states  or  positive  charge  in  the  oxide.  Figure 
3b  shows  a  CV  curve  after  the  initial  irradiation 
and  hole  injection.  It  car.  be  seen  from  the 
negative  midgap  voltage  shift  that  positive 
charge  has  been  trapped  in  the  oxide.  The 
stretch  out  of  thi3  curve  indicates  that 


interface  states  have  been  generated.  In  Figure 
3c  the  midgap  voltage  has  shifted  back  to  nearly 
the  preirradiation  value  after  the  second  UV 
illumination  and  Internal  photoemission  of 
electrons.  In  Figure  ka  we  illustrate  the  post 
VUV  (first  irradiation  and  hole  injection)  ESR 
trace  of  the  E'  center.  Figure  kb  illustrates 
the  ESR  trace  of  the  E'  center  after  the  second 
UV  illunination  and  electron  injection.  Figure  k 
indicates  a  dramatic  decrease  in  the  E'  resonant 
amplitude  which  is  consistent  with  the  decrease 
in  positive  charge  observed  in  the  CV  measurement 
of  Figure  3,  further  indicating  a  common  origin 
of  the  E'  ESR  center  and  the  positive  charge. 


Figure  3  CV  curves  taken  (A)  before  VUV 

Illumination  (B)  after  VUV  illumination 
and  (C)  after  VUV  illumination  and 
subsequent  (hc/l<5.5  eV)  UV 
illumination. 


Figure  k  ESR  traces  of  the  E'  center  taken  (A) 
after  VUV  illumination  and  (8)  after 
subsequent  (nc/l<5.5  eV)  UV 
illumination. 


Figure  5  illustrates  several  "wide"  scan  ESR 
traces  with  the  magnetic  field  parallel  to  the 
S1-S102  interface.  These  "wide"  scan  traces 
illustrate  the  effect  of  the  ultraviolet 
illuminations  on  both  the  and  E'  centers. 
Figure  5a  is  a  preirradiation  ESR  trace  showing 
no  Pfc  or  E'  centers  in  the  samples.  In  5b  the 
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ESR  curve  shows  that  both  ?b  (interface  state 
defect)  and  E'  (hole  trap  defect)  resonances  are 
generated  after  Irradiation  under  a  positive  bias. 
Again  the  generation  of  interface  states  (Pb 
centers)  and  positive  charge  in  the  oxide  (E1 
centers)  is  consistent  with  the  stretch  out  and 
negative  midgap  voltage  shift  in  the  CV  curve  of 
Figure  3b.  Figure  5c  is  a  "wide"  scan  ESR  trace 
after  UV  illumination  and  electron  Injection. 

The  E'  resonance  amplitude  has  been  substantially 
reduced  while  the  ?b  resonance  has  remained 
relatively  unchanged.  This  is  also  consistent 
with  the  stretch  out  and  midgap  voltage  shift  of 
the-  CV  curve  in  Figure  *)c  which  Indicates  the 
presence  of  surface  states  and  little  positive 
charge  in  the  oxide. 


5  G 


9  =  2.0004 


Figure  5  Wide  scan  ESR  traces  of  Pb  and  E' 

centers  (A)  before  VUV  illumination. 
(3)  after  VUV  illumination,  and  (C) 
after  subsequent  (hc/X<5.5  eV)  UV 
illumination. 


Both  variations  of  the  BSC  model  [33.36] 
propose  that  the  capture  of  holes  would  result  in 
irreversible  Sl-0  bond  breaking  events.  Our 
results  are  inconsistent  with  both  of  the  BSC 
variations,  but  are  totally  consistent  with  a 
simple  oxygen  vacancy  model  for  the  E'  hole  trap. 
In  the  more  recent  BSC  model  [36]  the  trapping  of 
holes  ruptures  strained  Sl-0  bonds  in  the  near 
Interfacial  region.  This  results  in  the 
generation  of  two  species:  (I)  a  neutral 
non-bridging  oxygen  defect  and  (2)  a. positively 
charged  trlvalent  silicon  (the  positive  charge 
resides  on  the  silicon  side  of  the  broken  bond). 
The  positively  charged  silicon  is  not  ESR  active. 
This  is  inconsistent  with  the  E'  ESR  trace 
(Figure  *la)  we  see  after  the  first  VUV 
illumination  and  hole  trapping.  It  is  quite  well 
established  that  the  E'  ESR  center  is  an  unpaired 
electron  on  a  Si  atom  [3S-*I0].  In  Figure  *ia  we 
see  an  ESR  trace  which  indicates  the  presence  of 
unpaired  electrons  on  silicon  atoms  after  hole 
trapping.  The  fact  that  an  E'  ESR  trace  appears 


after  the  trapping  of  holes  directly  contradicts 
the  most  recent  BSG  model.  Furthermore,  the  fact 
that  subsequent  electron  capture  at  the  hole  trap 
site  annihilates  the  E'  resonance  is  also 
inconsistent  with  the  more  recent  BSG  model.  In 
the  more  recent  BSG  model,  the  electron  capture 
event  would  create  a  paramagnetic  trlvalent 
silicon  center  (ESR  active  E*  center). 

Both  the  earlier  Grunthaner  BSG  model  and 
the  oxygen  vacancy  model  predict  E'  center 
(unpaired  electrons  on  Si  atoms)  generation  at 
the  site  of  hole  capture  after  Irradiation  with  a 
positive  gate.  The'models  differ  radically  in 
predicting  what  would  happen  when  an  electron  is 
captured  at  the  positively  charged  E'  site.  In 
the  oxygen  vacancy  model,  one  would  expect 
electron  capture  to  render  the  E'  site 
diamagnetic  and  ESR  inactive.  In  the  earlier  BSG 
model ,  if  an  electron  is  captured  at  the  broken 
bond  site,  it  is  captured  on  the  oxygen  side  of 
the  broken  bond  which  then  drifts  to  the  Si-SlOg 
Interface  and  creates  the  trlvalent  Pb  defect. 

If  the  Grunthaner  model  were  correct,  the  ESR  E' 
center  would  not  disappear  after  electron 
injection.  In  Figures  6-8,  we  illustrate  the 
predictions  of  both  BSG  models  and  the  oxygen 
vacancy  model  with  regard  to  the  hole  capture, 
electron  capture  sequence. 


SIMPLE  OXYGEN  VACANCY 

O  O  Q  O 

0-#U«-0+h -  0-#t  #-0 

6  6  6  6 

Positive  E-  Appears 

o  o  9  9 

o~#f  #-o+» - 

6  6  6  6 

Neutral  E"  Disappears 

Figure  6  Schematic  illustration  of  the  hole 

trapping  event  followed  by  subsequent 
electron  capture  in  the  simple  oxygen 
vacancy  model. 
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9  9  9  0 

~  0-#0  +e -  0-#|  #-0 

6  6  6 

X 

Neutral  g  Appears 

Figure  7  Schematic  illustration  of  the  hole 

trapping  event  followed  by  subsequent 
electron  capture  in  the  more  recent 
bond  strain  gradient  model. 
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Figure  8  Schematic  Illustration  of  the  hole 

trapping  event  followed  by  subsequent 
electron  capture  In  the  original  bond 
strain  gradient  model. 

The  results  of  our  ultraviolet  Illumination 
experiments  are  completely  consistent  with  the 
oxygen  vacancy  model  for  the  hole  trap.  If  the 
E*  centers  are  simple  oxygen  vacancies,  the 
capture  of  a  hole  renders  them  paramagnetic  and 
ESR  active.  The  ESR  trace  of  Figure  ba  shows 
that  E'  centers  are  generated  after  VUV 
illumination  with  positive  gate  bias.  The 
negative  midgap  voltage  shift  of  Figure  3b 
Indicates  positive  charge  is  generated  In  the 
oxide  by  the  VUV  Illumination.  The  results  of 
the  second  Illumination  with  sub  SIO2  bandgap 
(hc/l<5  eV)  photons  (after  hole  trapping)  are 
also  consistent  with  the  oxygen  vacancy  model. 

In  the  oxygen  vacancy  model,  after  electron 
injection  one  would  expect  that  the  positively 
charged  E'  centers  would  trap  the  electrons, 
weaving  the  E'  centers  paramagnetic  (ESR 
inactive)  and  electrically  neutral.  In  the  sub 
SIO2  bandgap  UV  irradiation,  we  find  the  E'  ESR 
signal  decreases  dramatically  as  shown  in  Figure 
bb.  Figure  3c  shows  that  the  midgap  voltage  has 
shifted  back  to  nearly  the  preirradiation  value 
after  the  second  UV  Illumination.  This  indicates 
that  most  of  the  trapped  positive  charge  has  been 
eliminated.  Clearly,  our  data  strongly  supports 
an  oxygen  vacancy  model.  In  addition  to  our 
results,  the  work  of  Criscom  C38]  and  Felgl  et_ 
al^Cbo]  Involving  E'  centers  In  bulk  SIO2 
strongly  suggests  that  the  E"s  they  observed  are 
simply  holes  trapped  In  oxygen  vacancies. 

An  extremely  significant  difference  between 
the  two  chemical  models  (BSG  and  oxygen  vacancy) 
is  that  of  reversibility.  One  would  expect  the 
hole  trapping  event  in  the  BSO  model  to  be  a 
completely  Irreversible  process.  In  the  earlier 
BSG  view,  the  capture  of  an  electron  would  not 
render  the  positively  charged  paramagnetic  hole 
trap  diamagnetic.  In  the  more  recent  BSG  model 
the  Initial  capture  of  a  hole  at  the  trr.p  site 
would  not  generate  an  unpaired  spin  on  a  silicon 
atom.  In  this  more  recent  model,  the  subsequent 
capture  of  an  electron  at  the  positively  charged 
center  would  generate  an  unpaired  spin  on  a 
silicon,  pur  results  are  fundamentally 
inconsistent  with  both  sets  of  predictions.  Our 
results  demonstrate  that  the  deep  hole  trap  is 
fundamentally  a  reversible  defect.  This  Is 


inconsistent  with  both  bond  strain  gradient 
models.  If  the  hole  trap  is  a  simple  oxygen 
vacancy,  one  would  clearly  anticipate  an  electron 
capture  event  to  render  the  positively  charged 
paramagnetic  center  diamagnetic  and  ESR  inactive. 
This  Is  consistent  with  our  experiments,  and 
strongly  suggests  that  the  deep  hole  trap  In  MOS 
SIO2  Is  a  Sl-Sl  defect  deficient  of  an  oxygen 
atom.  Our  results  do  not  disprove  the  Idea  of 
strain-gradient  driven  defect  migration,  but  do 
show  that  the  BSG  model  of  Grunthaner  et  al.  Is 
not  the  mechanism  for  the  generation  of  radiation 
induced  Pb  Interface  states  and  E*  hole  trap 
centers. 
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C.  Comparison  of  Radiation  and  High  Field  Stressing  Damage  in  MOS  Devices 

We  have  compared  gamma  irradiated  and  high  field  stressed  MOS  oxides  via  ESR. 
We  find  that  the  Si/Si02  interface  is  affected  in  about  the  same  way  by  irradiation  and 
high  field  stressing  ;  in  both  cases  we  observe  substantial  generation  of  P5  centers.  We 
find  qualitative  differences  defect  generation  in  the  oxides.  After  irradiation  we  observe  a 
nearly  one  to  one  correspondence  between  positive  charge  and  E'  centers.  This  is  not  the 
case  in  high  field  stressed  oxides.  We  published  our  findings  in  the  December  1987 
issue  of  IEEE  Transactions  on  Nuclear  Science. 
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ABSTRACT 


EXPERIMENTAL  DETAILS 


We  compare  the  effects  of  ionizing  radiation 
and  hlii.  field  stressing  on  Metal-Oxlde-SUlcon 
oxides.  Using  electron  spin  resonance,  we 
compare  the  point  defects  responsible  for  the 
positive  charge  generated  by  Ionizing  radiation 
and  high  field  stressing.  We  find  the  two 
processes  to  be  different  In  that  the  positive 
charge  generated  by  Ionizing  radiation  Is  almost 
entirely  due  to  E'  centers  In  the  oxide;  however, 
less  than  half  the  positive  charge  generated  by 
high  field  stressing  can  be  accounted  for  by  E' 
centers. 


INTRODUCTION 


The  effects  of  Ionizing  radiation  and  high 
field  stressing  on  Metal-Oxlde-Slllcon  (MOS) 
structures  are  of  considerable  Interest.  In  both 
cases  the  electronic  properties  of  the  oxide  and 
the  slllcon/slllcon  dioxide  (SI/SIO2)  Interface 
are  damaged  by  the  generation  of  positive  charge 


and  Interface  states. 


1-6 


Several 


Investlgat-ors^-fc  have  compared  the  effects  of 
these  two  processes.  Boesch  and  McGarrlty®  have 
shown  that  high  field  electron  injection 
measurements  can  be  U3ed  to  predict  the 
radiation  hardness  of  MOS  devices.  They 
suggested  that  high  field  stressing  measurements 
could  allow  inexpensive  monitoring  of  the 
radiation  hardness  of  MOS  structures. 

Extensive  electron  3pln  resonance  (ESR) 
studies  have  Identified  two  major  defects 
generated  In  radiation  damaged  MOS  devices.  One 
center,  termed  Pt> ,7-12  is  a  "trivalent  silicon" 
bonded  to  three  other  silicons  at  the  SI/SIO2 
Interface;  It  Is  responsible  for  radiation 
Induced  Interface  states. 10"' 2  Another  center, 
termed  E • , 1 3 » l ^  a  "trlvalent  silicon"  hole  trap, 
Is  responsible  for  most  of  the  positive  charge 
generated  in  Irradiated  oxides. '°'1' 

To  date,  only  electrical  measurements  have 

m  t  •  m  ps  *4  fep*  AAvnA  *  J  U  I  /4  ^  r  <»  (  rt  S  /I 
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Ionizing  radiation.  In  this  study  we  use  ESR  to 
compare  the  positive  charge  generated  by 
Irradiating  and  high  field  stressing  (HFS)  MOS 
oxides.  We  find  that  although  the  E'  center 
accounts  for  most  of  the  positive  charge  In 
Irradiated  cxldc3,  It  does  not  account  for  most 
of  the  positive  charge  generated  by  HFS. 


The  samples  used  for  HFS  were  .1x2  cm2 
SI/S102  bars  cut  from  1  Inch  diameter  wafers  with 
a  (111)  surface  orientation.  Seven  oxide 
thicknesses  were  utilized  In  thl3  study,  three 
"thick"  oxides  (t>1100A)  and  Tour  "thin"  oxides 
(t<500A) .  Two  thick  oxides  (1150A,  1750A)  were 
grown  in  steam  and  annealed  In  forming  gas  at 
Sandla  National  Laboratory's  Center  for  Radiation 
Hardened  Microelectronics.  Five  oxides  (2700, 
108,  285 A,  230A,  123A)  were  grown  In  dry  oxygen 
at  IBM  Federal  Systems  Laboratory. 

In  our  HFS  experiments  the  oxide  surface  Is 
charged  by  low  energy  Ions  from  a  corona 
discharge  apparatus;  these  positive  Ions  are 
generated  by  a  sharp  needle  under  a  large 

(♦8000V)  voltage.  These  Ions  produce  a  high 
U*7MV/cm)  uniform  electric  field  over  a  large 
(-lera2)  surface  area  without  destructive 
breakdown. '5  we  have  injected  between  .01  and  2 
coulomb/cm2  of  charge  Into  the  oxides.  (It  Is 
considerably  harder  to  damage  the  thin  oxides.) 

High  frequency  (1MHz)  capacitance  vs. 
voltage  (CV)  measurements  were  made  with  a 
mercury  probe.  Ultraviolet  (UV)  light  (photon 
energy  S5.5eV)  from  a  mercury  xenon  source 
photo-emitted  electrons  Into  the  oxide  to 
neutralize  the  positive  charge  generated  by  the 
Fowler-Nordhelm  tunneling  of  electrons  from  the 
Si  Into  the  SIO2. 

ESR  measurements  were  made  using  an  IBM 
Instruments  ER-200  (X-Band)  spectrometer  with  a 
TE;o4  "double"  cavity.  By  comparison  with  a 
calibrated  weak  pitch  standard,  absolute  3pin 
concentrations  were  calculated  from  unsaturated 
absorption  spectra.  The  substrate  edges  were 
etched  to  eliminate  any  resonance  signals  from 
damage  at  the  edges. 


RESULTS 

In  Figure  1  we  show  the  effect  of  HFS  on  E' 
centers  In  thick  and  thin  oxides.  All  traces 
were  centered  on  the  E'  zero  crossing  g  value  of 
2.0006.  Spectrometer  settings,  sample  size,  and, 
for  the  stressed  samples, approximate  areal 
density  of  NFS  Induced  s;>ace  charge  are  the  same 
In  all  cases.  (HFS  space  charge  *  lO1^  positive 
charges/cm2).  Although  only  two  oxide 
thicknesses  are  utilized  in  the  Illustrated 
comparison,  the  results  are  typical  of  those 
obtained  on  all  thick  (1150A  its  2700A)  and 
thin  ( 1 25 A  S  t  S  408A)  oxides.  In  Figure  1A  and 
B  we  show  prestressing  traces  of  (A)  a  thick 
O750A)  and  (B)  thin  (230A)  oxides.  We  are 
unable  to  observe  an  E‘  resonance  In  these  and  In 
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all  other  oxides  prior  to  HFS.  In  Fig.  1C  we 
show  a  strong  £'  resonance  for  the  HFS  1750A 
oxide;  In  ID  we  are  unable  to  observe  an  E' 
resonance  from  the  HFS  230A  oxide.  The  E'  line 
shape  of  trace  1C  has  the  "standard"  E'  powder 
pattern  one  would  expect  from  a  randomly  oriented 
array  of  quartz  £'  centers.  It  Is  bslleved  that 
the  quartz  £'  center  Is  a  hole  trapped  In  an 
oxygen  vacancy.' 3  it  should  be  noted  that  we 
sometimes  observe  a  weak  (as  yet  unidentified) 
resonance  In  HFS  thin  oxides;  however,  this  weak 
resonance  does  not  have  either  the  zero  crossing 
g  value  or  the  "standard"  E'  line  shape. 


PRE-STRESSED  (THICK) 


Figure  1:  ESR  Spectra.  A  and  B  -  Spectra  showing 
no  paramagnetic  centers  for  thick  (A) 
and  thin  (B)  oxides  before  stressing. 

C  -  Spectrum  of  an  E'  resonance  after 
HFS  a  thick  ( 1 750 A)  oxide  sample;  D  - 
Spectrum  showing  no  E'  resonance  after 
HFS  a  thin  (230A)  oxide  sample.  (The 
magnetic  field  Is  parallel  to  the  (111) 
plane  of  the  Sl/SlOa  structure.) 


Fig.  2  compares  the  E'  resonance  generated 
by  HFS  (trace  2A)  a  thick  (1750A)  oxide  to  that 
generated  by  gamma  Irradiating  a  thick  oxide 
(trace  2B)  Trace  2B  was  taken  from  the  work  of 
Lenahan  and  Dressendorfer12.  The  HFS  and  gamma 
radiation  Induced  line  shapes  are  virtually 
Identical,  suggesting  that  the  HFS  and  gamma 
Irradiation  Induced  E'  centers  are  Identical  In 
structure. 

The  fact  that  we  consistently  observe 
"standard"  E'  centers  In  stressed  thick  oxides 
but  cannot  detect  them  In  stressed  thin  oxides 
(<500A)  Indicates  that  there  are  significant 
qualitative  differences  In  the  response  of  thin 
and  thick  oxides  subjected  to  high  electric 
fields.  Our  Inability  to  detect  a  substantial  E' 
resonance  in  high  field  stressed  thin  oxides  may 
be  due  to  the  absence  of  Impact  Ionization.  It 
has  been  suggested  by  Brorson'®  etal.  that  In 
oxides  less  than  500A  thick,  few  carriers  have 
the  energy  required  for  Impact  Ionization  In  SlOg. 
This  absence  of  Impact  ionization  could  explain 
our  failure  to  detect  a  substantial  £'  resonance 
In  thin  oxides. 


Figure  2:  ESR  Spectra.  A  -  Spectrum  showing  an 
E'  resonance  after  HFS  thick  (1750A) 
samples.  B  -  Spectrum  Illustrating  an 
E*  resonance  generated  by  Ionizing 
radiation.  (Spectrum  B  was  analyzed  by 
Lenahan  and  Dressendorfer  In  an  earlier 
publication.)" 


In  Fig.  3  we  Illustrate  the  effect  of 
electron  photoinjection  In  the  stressed  thick 
oxides.  (All  traces  were  taken  with  identical 
spectrometer  settings,  Identical  cavltly  Q,  and 
nonsaturating  microwave  power).  Trace  3A  shows  a 
typical  E'  resonance  generated  by  HFS  thick 
oxides.  Trace  3B  was  taken  after  photolnjectlng 
electrons  (without  bias)  Into  the  same  samples 
using  a  small  (5  watt)  mercury-xenon  UV  lig.it 
source.  This  UV  light  source  internally 
photoemltted  electrons  from  the  silicon  valence 
band  into  the  SlOg  conduction  band;  Illumination 
time  was  ^8  hours.  Note  that  most  of  the  E' 
centers  have  been  annihilated. 

The  CV  results  are  Illustrated  In  Fig.  1  for 
the  same  thick  (1750  A)  oxide  samples  shown  In 
Fig.  3.  Curve  *IA  was  taken  before  HFS.  Curve  *1B 
was  taken  after  HFS.  The  negative  shift  In  the 
CV  curve,  Indicates  that  positive  charge  has  been 
generated.  Curve  HC  was  taken  after  exposing  the 
stressed  sample  to  UV  light.  The  positive  shift 
In  the  CV  curve  Indicates  most  of  the  oosltlve 
charge  In  the  oxide  has  been  annihilated. 

The  number  of  positive  chcrges/cm2  and  E' 
centers/cm2  are  not  equal,  within  experimental 
error,  In  the  thick  or  thin  oxides  subjected  to 
high  electric  rields.  In  Fig.  5  we  Illustrate 
the  discrepancy  between  the  E'  density  and 
positive  charge  density  in  stressed  oxides.  (The 
positive  charge  In  the  oxide  was  calculated  from 
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midgap  shifts  In  the  CV  curves.  Positive 
charge/cm  where  aV0g  is  the  aid-gap 

voltage  shift,  Cox  is  the  oxide  capacitance  and  e 
is  the  electronic  charge.  This  assumes  that  all 
of  the  positive  charge  resides  near  the  Sl/SlO, 
Interface).  i 


Figure  3:  ESR  Spectra.  A  -  Spectrum  showing  an 

E*  resonance  after  HFS  thick  oxides.  B 
-  Spectrum  of  stressed  thick  oxides 
after  photolnjectlng  electrons  showing 
a  diminished  E'  resonance. 


VOtTS 


Figure  lit  CV  Curves.  A  -  Curve  of  an  unstresslng 
thick  oxide  (1750A).  B-Curve  taken 
after  HFS.  C  -  Curve  of  stressed 
sample  after  photolnjectlng  electrons 
into  the  oxide. 


POSITIVE  CHARGE/cm2  X 1012 


Figure  5:  Comparison  of  the  density  of  E'  centers 
vs.  the  positive  charge  density 
generated  in  oxides  by  HFS.  (Circles; 
thick  oxides  (2  1150  A);  Squares;  thin 
oxides  (S  500  A)). 


CONCLUSION 


A  comparison  of  Figs.  1-5  allows  one  to  draw 
several  conclusions.  Although  we  observe 
substantial  generation  of  positive  charge  In  both 
thick  and  thin  oxides;  we  observe  substantial  E' 
generation  only  In  the  thick  (21150 A)  oxides. 
Photolnjectlng  electrons  Into  the  thick  oxides 
eliminates  most  of  the  E'  centers  as  well  as  most 
of  the  positive  charge.  The  simultaneous 
disappearance  of  the  positive  charge  and  E' 
center  Is  consistent  with  the  Idea  that  the  E' 
center  Is  a  hole  trapped  In  an  oxygen  vacancy.11* 
When  a  hole  Is  captured  at  a  neutral  oxygen 
vacancy  site  It  Is  positive  and  paramagnetic; 
returning  the  lost  electron  (via  photolnjectlon) 
returns  the  center  to  something  like  Its  original 
(neutral)  state.  The  appearance  and 
disappearance  of  E'  and  positive  charge  Is 
consistent  with  earlier  work  of  Lenahan  and 
Dressendorfer11 ,  who  found  that  E'  centers  are 
responsible  for  the  positive  charge  buildup  In 
Irradiated  MOS  oxides. 

The  discrepancy  between  the  E*  density  and 
the  positive  charge  density  suggests  the  presence 
of  another  positively  charged  defect  center  In 
HFS  oxides.  DlHarla'‘r  etal,  have  argued  that  the 
positive  charge  generated  by  high  field  stressing 
may  be  due  to  anomalous  positive  charge.  Our 
work  does  not  Identify  the  source  of  the 
additional  positive  charge;  It  simply  shows  that 
there  Is  another  source,  of  positive  charge.  Our 
results  are  thus  consistent  with,  but  do  not 
prove  DlMarla’s17  hypothesis.  At  this  time  the 
mechanism  responsible  for  the  rest  of  the 
positive  charge  is  not  known;  we  are  currently 
looking  Tor  other  oxide  centers  using  ESR,  hoping 
to  Identify  their  structure. 

SUHHARI 


Previous  work  has  shown  that  the  E’  center 
is  responsible  for  the  oxide  positive  charge 
generated  by  Ionizing  radiation.11,12  We  now 
show  that  the  E*  center  Is  only  partly 
responsible  for  the  positive  charge  generated 
from  the  Fowler-Nordhelm  tunneling  of  electrons 
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from  the  silicon  into  the  silicon  dioxide  in 
thick  (S  1150  A)  oxides;  in  thin  oxides  (s,  500  A) 
we  are  unable  to  observe  any  S'  centers  generated 
by  high  field  electron  injection.  Thus  there  are 
significant  qualitative  and  quantitative 
differences  in  the  centers  responsible  for  the 
positive  charge  generated  by  these  two  processes. 
Our  observations  suggest  that  there  nay  be 
limitations  to  the  use  of  high  field  measurements 
to  predict  the  radiation  hardness  of  MOS  devices. 
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D.  Interaction  of  Molecular  Hydrogen  with  Trapped  Hole  E'  Centers  in  Irradiated  and 
High  Field  Stressed  Metal/Oxide/Silicon  Oxides 

A  number  of  recent  studies  have  focused  upon  the  role  of  hydrogen  on  radiation 
damage  in  MOS  devices.  We  have  initiated  a  study  (funded  by  Sandia  National 
Laboratories)  of  hydrogen  interactions  with  radiation  induced  point  defects.  Our  initial 
results  and  discussed  in  a  brief  paper  which  we  submitted  to  Applied  Physics  Letters  in 
September  1989.  Our  results  partially  confirm  and  somewhat  refine  earlier  results  of 
Triplett,  Sugano,  and  others  who  found  that  E'  centers  react  readily  with  molecular 
hydrogen  at  relatively  low  temperature. 
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We  explore  the  effect  of  forming  gas  anneals  at  110°C  on  E'  centers  in 
metal/oxide/semiconductor  oxides  subjected  to  gamma,  electron,  and 
vacuum  ultraviolet  irradiation,  as  well  as  high  electric  field  stressing.  We 
find  that  this  brief  low  temperature  anneal  substantially  reduces  E’  density  in 
all  cases,  dearly  demonstrating  that  hydrogen  reacts  readily  with  the  E’  sites. 
Although  this  work  confirm  a  recent  report  of  the  reactivity  of  E'  and 
hydrogen  we  fail  to  detect  the  reported  reaction  product  known  as  the  74-G 
doublet. 
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Introduction 


The  deleterious  effects  of  ionizing  radiation  on  metal/oxide/silicon 
(MOS)  devices  are  among  the  most  important  problems  in  MOS  device 
physics  today.  Two  decades  of  intense  investigation1-19  have  established  that 
the  radiation  damage  process  involves  the  creation  of  interface  states  at  the 
Si/SiOo  boundary  and  the  trapping  of  radiation  induced  holes  in  deep  traps  in 
the  Si02. 

Numerous  studies4'5'18-19  have  suggested  a  link  between  the  presence 
of  holes  in  the  oxide  and  the  interface  state  generation  process.  It  has  been 
widely  suggested4-7-8'9-20  that  the  motion  of  some  form  of  hydrogen  may  be 
involved  in  the  interface  state  formation  process.  It  has  also  been 
suggested18-19-21-22-23  that  the  hole  trap  site  may  be  involved  in  the  radiation 
induced  interface  state  process.  Schwank  etal24  have  suggested  that  some  of 
the  hole  trapping  centers  may  be  associated  with  hydrogen. 

The  technique  of  electron  spin  resonance  (ESR)  is  uniquely  well  suited 
to  the  study  of  both  radiation  induced  interface  state  defects  and  hole  trapping 
centers.  ESR  is  extremely  sensitive  to  defects  with  unpaired  electrons.  It 
allows  both  the  identification  of  defect  structure  and  the  measurement  of 
defect  density. 

Electron  spin  resonance  (ESR)  studies  have  established11-14  that  the 
dominant  radiation  induced  interface  states  are  "trivalent  silicon"  centers  at  the 
Si/Si02  interface  and  that  the  dominant  hole  traps  are  oxygen  deficient  silicon 
defects,  called  E’  centers.  The  E’  center  is  an  unpaired  electron  in  a  non-bonding 
sp3  hybrid  orbital  on  a  silicon  bonded  to  three  oxygens  Si=03.15-17 

Quite  recently,  Triplett  etal.25  and  Takahashi  etal.26  reported  the 
generation  of  a  hydrogen  associated  E’  hole  trap  center  in  MOS  oxides 
subjected  to  heavy  (2xl010Rads(Si))  soft  x-ray  irradiation,  with  oxides  bare,  and 
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unbiased  in  a  vacuum.  Ordinary  E'  centers,  (holes  trapped  a1  oxygen 
vacancies)  were  then  transformed  in  large  numbers  into  hydrogenic  E’ 
centers  called  the  74-G  doublet  when  an  irradiated  oxide  was  subjected  to  a 
brief  (3  minute)  anneal  in  forming  gas  (5%H2,  957oN2)  at  110°C.  Although 
these  centers  were  observed  in  oxides  subjected  to  rather  extreme  conditions, 
the  observations  are  of  considerable  interest  because  they  demonstrate  a 
reaction  involving  hydrogen  in  the  vicinity  of  the  Si/Si02  interface,  a  feature 
of  many  radiation  damage  models4'7'8-9'20-  The  role  of  hydrogen  in  the 
transformation  of  E’  to  the  doublet  is  indicated  first  by  the  fact  that  the 
reaction  takes  place  quickly  in  the  presence  of  forming  gas  at  low  temperature, 
with  about  60%  conversion  to  doublet,  and  secondly  (and  most  convincingly) 
by  the  presence  of  a  two  line  ESR  spectrum  (the  "doublet")  indicating  a 
hyperfine  interaction  between  an  unpaired  electron  and  an  atom  with  a  spin 
1/2  nucleus.  Several  studies  of  the  74  Gauss  doublet  in  bulk  Si02 
convincingly  establish  it  as  an  E’  defect  with  a  hydrogen  nearby.27-28  Tsai  and 
Griscom29  have  argued  persuasively  that  the  74-G  doublet  is  a  trivalent  Si 
bonded  to  two  oxygens  and  one  hydrogen. 

In  order  to  further  characterize  the  interaction  of  hydrogen  with  point 
detects  in  MOS  oxides,  we  have  subjected  MOS  device  oxides  grown  on  (111) 
silicon  substrates  to  widely  varying  levels  of  radiation  and  stressing  damage, 
and  subsequently  performed  low  temperature  anneals  in  forming  gas  in  a 
procedure  similar  to  that  of  Takahashi  etal.25  Measurements  were  made  on 
samples  both  after  damage  and  after  annealing. 

Prior  to  irradiation  or  stressing,  we  are  unable  to  observe  paramagnetic 
resonances  in  the  oxides  in  the  vicinity  of  g=  2.0.  (The  g  value  is  defined 
g=hv/  j3H,  where  h  is  Planck's  constant,  v  is  microwave  frequency,  j3  is  the 
Bohr  magneton,  and  H  is  the  applied  magnetic  field  at  which  resonance 
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occurs.)  After  all  irradiations  and  high  field  stressing  two  resonances  are  clearly 
visible;  one  with  a  zero  crossing  g=2.0004  is  the  E  center,  a  second  center  with 
g  =2.0014  and  g=2.008  is  the  Pb  center.  Earlier  studies  indicated  that  a  very  brief 
forming  gas  anneal  should  not  greatly  affect  P5;30  our  results  on  irradiated 
samples  are  generally  consistent  with  these  earlier  observations.  However,  in 
this  paper  we  focus  on  the  changes  observed  in  the  E*  center  formed  under 
various  conditions. 

Gamma  Irradiation 

We  subjected  MOS  capacitors  to  5.7  Mrad  (SKb)  of  gamma  irradiation 
with  +24  volts  across  the  oxide  during  irradiation.  The  oxides  were  grown  in 
dry  oxygen  to  a  thickness  of  1000A  on  a  p-type  (111)  silicon  substrate 
(  p=400Qcm).  The  capacitor's  aluminum  gate  was  removed  after  irradiation. 
The  post  irradiation  ESR  trace  is  illustrated  in  Figure  1A,  the  post  (3  minute) 
forming  gas  (5%H2/95%N2)  anneal  (110°C)  trace  is  illustrated  in  Figure  IB. 

After  the  anneal,  the  E'  resonance  is  reduced  by  about  60%,  but  the  74G 
doublet  is  not  visible.  (The  74G  doublet  should  appear  as  two  lines  separated 
by  74  Gauss  in  the  positions  indicated  on  the  figure).  Our  measurements 
show  that  the  forming  gas  anneal  does  eliminate  60%  of  the  E'  center  as 
Takahashi  reported,  but  does  not  create  the  74G  doublet  under  these 
conditions.  (Previous  work  indicates  a  brief  110°C  anneal  in  air  does  very 
little  to  the  E'  amplitude.14) 

High  Field  Stressing 

We  subjected  bare  oxide  Si/Si02  structures  to  high  electric  field 
stressing  by  applying  corona  ions  to  the  oxide  surface  utilizing  a  technique 
described  in  detail  elsewhere.29'31  The  oxides  were  subjected  to  an  electron 
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injection  current  density  of  approximately  10'7A/cm2  for  eight  hours.  The 
oxides  were  grown  in  dry  oxygen  on  (111)  silicon  substrates  (p-type;  p=100D- 
cm)  to  a  thickness  of  1700A. 

The  post  stressing  ESR  results  are  illustrated  in  figure  2A.  The  post 
forming  gas  anneal  trace  is  shown  in  figure  2B.  Once  again,  about  60%  of  the 
E'  centers  disappear  but  no  74G  doublet  is  visible. 

Vacuum  Ultraviolet  Irradiation 

We  subjected  bare  oxide  Si/Si02  structures  to  brief  (~  5  minute) 
irradiation  with  10.2eV  photons  from  a  50  watt  deuterium  lamp  (the  vacuum 
ultraviolet  photons  electron/hole.)  We  estimate  that  the  ultraviolet 
illumination  sequence  flooded  the  oxide  with  a  hole  flux  roughly  comparable 
to  a  1  Mrad  (Si02)  gamma  radiation.  The  oxides  were  grown  in  steam  on  (111) 
silicon  substrates  (p-type;  p  =  100  Q.  cm)  to  a  thickness  of  1200 A.  After 
oxidation  they  received  a  30  minute  anneal  in  dry  nitrogen  at  1100°C.  After 
the  high  temperature  anneal,  they  were  annealed  in  forming  gas  at  400°C  for 
20  minutes.  During  the  illumination,  a  positive  bias  (+1  MV/ cm)  was 
applied  to  the  oxides  with  ions  from  a  corona  discharge  apparatus.  The  UV 
photons  are  all  absorbed  in  the  top  ~  100A  of  the  oxide.  With  the  positive 
corona  bias,  the  holes  are  driven  across  the  oxide  to  the  deep  hole  traps,  and 
the  electrons  recombine  with  the  charged  corona  ions  on  the  surface.  The 
VUV  irradiation  generates  E’  centers  when  the  VUV  induced  holes  are 
captured  at  E'  precursor  sites  near  the  Si/Si02  interface.33 

The  post  irradiation  trace  is  shown  in  figure  3A;  the  post  annealing 
trace  in  figure  3B.  Again,  about  60%  of  the  E'  centers  are  annihilated,  but  no 
74G  doublet  centers  are  observed. 
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Electron  Irradiation 


We  subjected  a  bare  oxide  Si/Si02  structure  to  very  heavy 
(1010Rads(Si02)  electron  irradiation  (20keV)  in  vacuum  in  order  to  roughly 
approximate  the  irradiation  conditions  of  Triplett  eta L 2 4  and  Takahashi 
etal.25.  The  2500A  oxides  were  grown  in  dry  oxygen  with  3%  HC1  on  p-type 
(111)  silicon  substrates  (  p=100Qcm);  these  processing  parameters  are  quite 
similar  to  those  utilized  by  Triplett,  Takahashi,  and  co-workers.25'26 

The  post  irradiation  trace  is  shown  in  Figure  4A;  the  post  (3  min, 
110°C)  forming  gas  trace  is  shown  in  Figure  4B.  Again,  about  a  60%  decrease 
in  E'  is  observed,  exactly  as  reported  by  Takahashi  etal,  but  no  74G  doublet 
resonance  is  observed. 

Discussion 

We  find  that  a  brief  (  ~3  minute)  anneal  in  forming  gas  (5%H2,  95%  N2) 
at  110°C  greatly  decreases  the  amplitude  of  the  E'  center  (trapped  hole)  ESR 
resonance  in  sets  of  oxides  subjected  to  gamma  radiation,  electron  irradiation, 
high  electric  field  stressing  and  vacuum  ultraviolet  (he/  X  =10.2eV) 
irradiation.  Our  results  clearly  indicate  an  interaction  between  E'  and 
hydrogen  at  these  low  temperatures.  To  this  extent,  our  observations  are 
consistent  with  and  confirm  the  earlier  results  of  Triplett  etal.25  and 
Takahashi  etal.26  In  fact,  we  observed  essentially  the  same  60%  decrease  in  E’ 
reported  previously  by  Takahashi  etal.  in  all  of  our  samples.  However  we 
have  not  been  able  to  observe  the  transformation  of  these  centers  to  the  74- 
Gauss  doublet  reported  by  Triplett  and  Takahashi. 

Since  our  annealing  conditions  closely  match  that  of  Takahashi  etal, 
and  one  of  our  oxides  was  processed  similarly  to  those  used  by  Takahashi, 
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etal.  the  difference  in  outcome  of  our  experiments  (our  failure  to  see  the  74-G 
doublet)  is  almost  certainly  due  to  differences  in  the  irradiation  conditions. 

The  Takahashi  etal  oxides  were  irradiated  bare  and  unbiased  in  a 
vacuum  (pressure  =  2xl0'6  Torr)  to  extremely  high  dose  levels  (2xl010  rads). 
Since  the  Takahashi  oxides  were  placed  close  to  the  tungsten  X-ray  source 
they  reached  temperatures  possibly  as  high  as  300°C  during  irradiation. 

In  our  current  study  we  subjected  a  variety  of  oxides  to  a  fairly  wide 
range  of  irradiation  and  oxide  biasing  conditions;  all  of  our  irradiation  and 
stressing  took  place  at  room  temperature.  Our  oxide  damage  conditions 
involved  zero  bias  across  the  (floating)  oxides  (electron  irradiation),  moderate 
(=lMV/cm)  bias  across  the  oxide  (gamma  and  VUV  irradiation),  and  high 
(=10MV/cm)  bias  across  the  oxide  (high  field  stressing).  Our  oxide  damage 
conditions  involved  moderate  (5.7xl06  rad  gamma)  and  very  high  (1010  rad 
electron)  levels  of  ionizing  radiation,  relatively  low  (10.2eV  vacuum 
ultraviolet)  and  quite  high  (1  MeV  gamma)  photon  energies,  oxides  bare 
(electron,  VUV,  irradiation)  and  with  gates  (gamma  irradiation).  Our 
irradiations  took  place  both  in  vacuum  (vacuum  ultraviolet  irradiation  and 
electron  irradiation)  and  in  air  (gamma  irradiation). 

Our  failure  to  observe  the  74-G  doublet  in  a  samples  subjected  to  a 
fairly  wide  range  of  irradiation  conditions  as  well  as  high  electric  field 
stressing  suggests  that  the  74-G  doublet  is  not  involved  in  general  MOS 
radiation  or  high  field  stressing  damage.  However,  our  observations  do  not 
completely  prove  this;  the  74-G  doublet  centers  might  be  unstable  under 
circumstances  other  than  the  Takahashi  etal  irradiation  conditions  .  If  that 
were  to  be  the  case,  the  centers  would  not  be  observable  in  our  measurements 
but  might  play  an  intermediary  role  in  radiation  damage. 
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Our  results  do  clearly  indicate  that  E'  centers  generated  in  a  number  of 
ways  react  rapidly  with  hydrogen  at  relatively  low  temperatures.  Our 
observations  provide  additional  evidence  suggesting  that  hydrogen  may  play 
an  important  role  in  the  radiation  damage  process  of  MOS  devices. 


This  work  was  supported  by  Sandia  National  Laboratories  under 
Contract  No.  03-3999.  We  wish  to  thank  Michael  Taylor  of  Sandia  National 
Laboratories  for  technical  assistance  in  this  study. 
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HSR  ’■esonances  of  a  gamma  irradiated  (5.7MRAD)  SiOo/Si  structure 
before  (A  )  and  after  (B)  3  min  110°C  anneal  in  forming  gas 
(5%H2/95%N2).  Following  the  anneal,  E'  decreases  significantly, 
but  no  74G  double:  resonance  is  df'-ected.  Spectrometer  settings  for 
both  traces  are  identical,  and  are  set  to  maximize  the  74G  doublet 
resonance  amplitude. 
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Figure  2.  ESR  resonances  of  high  electric  field  stressing  SiCb/’Si  structure  (A) 
before  anneal,  and  (B),  after  a  3  min  110°C  anneal  in  forming  gas 
(5%H2/95%N,).  Following  the  anneal,  E'  decreases  significantly, 
but  no  74 G  doublet  resonance  is  de  fcectea.  Spectrometer  settings  for 
both  traces  are  identical  and  axe  set  to  maximize  the  74G  doublet 
resonance. 
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Figure  3.  ESR  resonances  of  vacuum  utra violet  irradiation  (10.2eV)  Si02/Si 
structure  (A)  before  anneal,  and  (B),  after  a  3  min  110°C  anneal  in 
forming  gas  (5%H2/95%N,).  Following  the  anneal,  E*  decreases 
significantly,  but  no  74G  doublet  resonance  is  detected. 
Spectrometer  settings  for  both  traces  are  identical,  and  are  set  to 
maximize  the  74G  doublet  resonance  amplitude. 
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74  G  Doublet 


Figure  4.  ESR  resonances  of  an  electron  irradiated  (20keV)  (1010  rad) 

Si02/Si  structure  (A)  before  anneal,  and  (5),  after  a  3  min  110°C 
anneal  in  forming  gas  (5%H,/95%N,).  Following  the  anneal,  E' 
decreases  significantly,  but  no  74G  doublet  resonance  is  detected. 
Spectrometer  settings  for  both  traces  are  identical,  and  are  set  to 
maximize  the  74  G  doublet  resonance  amplitude. 
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